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The general features of the small-amplitude oscillations of a two-component ionized gas are discussed. The 
effects of the random thermal motions of ions and electrons are described by one-particle distribution 
functions. When collisions are neglected, there are two types of waves for a given wavelength. One is a high- 
frequency electron plasma oscillation, slightly modified by ionic motions. The other is the Tonks-Langmuir 
positive-ion oscillation which is shown to be undamped when the electron temperature is considerably greater 
than the ion temperature. The effects of collisions are treated by a kinetic model which satisfies the conserva- 
tion laws, and provides for energy and momentum exchange between components. The low-pressure waves 
are damped primarily because of the decreasing electron temperature with increasing collision frequency. The 
validity of transport treatments is investigated. At high density and high frequency one finds the correct 
sound wave for a mixture of gases. Study of the frequency as a series of inverse powers of the collision fre- 
quency shows that the first-power term yields absorption independent of the electric charge. Higher powers 
give contributions to the absorption and dispersion which depend on electrical polarization as well as on 
diffusion, viscosity, and heat conductivity. The behavior at the more frequently realized case of low frequency 
and high pressure depends on the electric charge more directly. 








1. INTRODUCTION 


N paper I of this series,! a theoretical scheme for the 
study of collision processes in gases was introduced. 
This approach is aimed at treating situations where, for 
example, a Boltzmann equation for a one-particle dis- 
tribution function is an adequate description, but where 
the mathematical difficulties of handling that equation 
_ are very great. We introduce alternative kinetic equa- 
tions with collision terms that satisfy the instantaneous 
conservation laws, but which have a simpler structure 
than the Boltzmann collision terms. In I the procedure 
was illustrated for a constant-collision-time model. 
Within the limits of small-amplitude theory, it was 
possible to solve definite initial value problems ex- 
plicitly, for arbitrary values of the collision time. The 


* The research in this paper has been supported in part by the 
Geophysics Research Directorate, Air Force Cambridge Research 
Center, Cambridge, Massachusetts, under contract with Harvard 
University. A preliminary account was given at the meeting of 
the American Physical Society, New York, January, 1954 [Phys. 
Rev. 94, 778(A) (1954) ]. 

1 Bhatnagar, Gross, and Krook, Phys. Rev. 94, 511 (1954), 
henceforth referred to as I. 


present article deals with an extension of the methods 
and results of I to two-component systems. Attention is 
again focused on the nature of the small-amplitude 
vibrations of a plasma. 

For non-Coulombic force laws, our kinetic equations 
provide a less accurate description than does the 
Boltzmann equation. However, because of the mathe- 
matical simplicity of the equations, it is possible to 
obtain an over-all survey of the dynamical properties of 
gases. For systems of charged particles, on the other 
hand, there exists at present no rigorous set of equations 
describing the nonequilibrium properties. One can use 
experimental information concerning some nonequi- 
librium processes (e.g., the stationary transport proc- 
esses), to fit the parameters of our semiphenomenological 
theory. The equations are then used to discuss other 
nonequilibrium processes, e.g., small-amplitude oscilla- 
tions. This procedure will be discussed in a forthcoming 
paper; it leads to results of semiquantitative validity. 
Even for collisions in which many bodies are simultane- 
ously involved, as is certainly the case for Coulomb 
forces, the division into absorption and emission has 


593 





594 E. 


perhaps some validity. Other descriptions of ionized 
gases by one-particle distribution functions are no less 
phenomenological, since they neglect the screening 
properties of a plasma. The main justification of the 
present method is its utility in investigating many 
dynamical properties of ionized gases. We use it here for 
a preliminary study of the oscillations of a two-com- 
ponent ionized gas. 

For systems of charged particles, the work of I is 
chiefly of methodological interest. There the problem 
was simplified by replacing the positive ions by a 
positive continuum. This has two main consequences. 
First the ion motions have been neglected; these mo- 
tions lead to a negligible change in the frequency of the 
electronic plasma oscillations. More important, under 
certain circumstances (electron temperature much 
greater than the ion temperature), a low-frequency 
“positive ion” oscillation can propagate. The second 
consequence of overlooking the discrete character of the 
positive charges is that electron-ion and ion-ion collisions 
have been disregarded. In I we found a dispersion rela- 
tion w*=w,?+ (5/3)(kT/m)p” for sufficiently high elec- 
tron-electron collision frequency. The frequency remains 
high because of the restoring forces arising from charge 
separation. In a real plasma the electron-ion and ion-ion 
collisions play a vital role at high pressures; they lead to 
a dispersion relation w*= p?(5/3)[2k7/(m+-mz) |. Here 
mz, is the electronic mass, m, the positive-ion mass, T the 
common temperature of the two components. This is a 
sound oscillation, not involving the charge, and without 
dispersion. The sound speed is appropriate to particles 
of a mass equal to the mean of that of the ions and 
electrons. The intermediate region of densities is charac- 
terized by frequencies whose imaginary parts are in 
general larger than the real parts; no definite waves are 
then propagated. We shall be interested in ascertaining 
the role of charge separation for the absorptive and 
dispersive effects as the pressure is lowered. 

In I an electron-electron collision frequency \ was 
introduced ; no attempt was made to express A in terms 
of the actual temperature, density or mass of the 
electrons of the system. For the two-component system 
one requires the relative magnitude of electron-electron, 
electron-ion, and ion-ion collisions. For three-component 
systems with neutral particles, the collisions of neutrals 
with charged particles may alter entirely the behavior of 
the ionized gas. A rough estimate of the magnitudes of 
the collision frequencies has been obtained by binary 
collision arguments.? The work of Jeans* and Cohen, 
Spitzer, and Routley* shows, however, that for most 


2R. Rompe and M. Steenbeck, Ergeb. exakt. Naturw. 18, 257 
(1939); S. Chapman and C. Cowling, The Mathematical Theory of 
Nonuniform Gases (Cambridge University Press, London, 1952); 
K. C. Westfold, Phil. Mag. 44, 711 (1953). 

3J. Jeans, Astronomy and Comogony (Cambridge University 
Press, London, 1929), second edition; Cohen, Spitzer, and 
Routley, Phys. Rev. 80, 230 (1950). 
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processes the collisions with impact parameters between 
the mean interparticle distance and the Debye length 
are of overwhelming importance. All the considerations 
indicate that in any case for common ion and electron 
temperatures the electron-electron and electron-ion col- 
lision frequencies differ by a factor of the order of unity, 
and that the ion-ion collision frequency is at least an 
order of magnitude lower. This suffices for our purposes. 
Investigation of the numerical constants shOws that for 
most fully-ionized plasmas the collision diameter is 
much smaller than the mean distance between particles, 
the Debye length or the mean free paths. Collisions of 
charge particles with neutrals play an important role for. 
a degree of ionization less than a few percent. 


2. MATHEMATICAL FORMULATION OF 
BASIC EQUATIONS 


To treat the kinetic theory of mixtures of particles, we 
define a distribution function for each type of particle. 
For convenience, discussion will be limited to the case 
where two types of particles are present. f;(x,v;,t)dx dv, 
represents the number of particles of the ith type be- 
tween x, v; and x+dx, v;+dv;. The kinetic equations 
governing the distribution functions are 


Of; of of 5 fia 5f iz 
RE as ICN) SRN ama 
Ox; OV; 6t él 


j=1,2, (1) 


where a;(x,v;,¢) is the acceleration of a particle of the ith 
type, of velocity v;, at x, ¢ due to body forces. For the 
longitudinal oscillations of an ionized gas, one may put 
a;= (e,/m,)E(x,t) where m; and e; are the mass and 
charge of the ith type of particle and E(x,f) is the 
electric field at x, ¢. For more general problems the 
acceleration is determined by full Lorentz force. 6 f;;/dt 
is the change per unit time at (x,v;,/) of the number of 
ith type particles as a result of collisions with the jth 
type. 

The present approach to the theory of oscillations of 
neutral and ionized gases is based on the following 
expressions for the collision terms: 


of ij nsfi NN; 
== ———4+—,,, i, j= 1,2. (2) 
él Cj: 


Osi 


The o;; are collision parameters; they are chosen to be 
independent of velocity, although they depend on the 
masses m, and m2. The quantity m,/o1, has the dimen- 
sions of a frequency; it is the collision frequency of 
particle 1 with others of its own type. #;(x,/) is the 
density of the ith type of particle at x, /; it is defined as 


neta f falevisdve. (3) 
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The quantities ®;; are 


Gi) ow 
?;;= exp Vi- Wii | 
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fendv- 1. 


In the expressions for ®;; we have introduced the flow 
velocity vector q;; and partial temperature 7;; of the 
jth component. The definitions are 


(4) 
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qii(x,)=— fvtiowsar, 
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The collision term of Eq. (2) postulates that the number 
of particles of the ith type absorbed from the velocity 
range V;, Vit+dv; at x, /, per unit time, is proportional to 
fi. It is also proportional] to the total collision frequency, 
ie., for type 1, (m:/o11)+ (2/2). The number of 
particles of ith type emitted into the velocity range 
Vi, Vi+dv; is made up of contributions from collisions 
between like and unlike types. The total number of like 
collisions per unit time is »?/o;; these particles are 
emitted with a Maxwellian distribution of velocities, 
centered about a flow velocity q;;(x,/), and with a 
kinetic temperature 7;;. For collisions between unlike 
types the total number is 2/02, which is also the 
total number of absorptions per unit time. The particles 
are emitted with a Maxwellian distribution of velocities 
centered about a flow velocity q;; and with a kinetic 
temperature 7;;. These “mixed” quantities must be 
specified to complete the kinetic equations; the next 
section deals with general requirements which enable 
one to partially determine q;;, 7 ji. 

For a system of charged particles, we must add the 
electromagnetic equations which couple the fields with 
the particle motions. For the longitudinal oscillations of 
an ionized gas, it suffices to use Poisson’s equation 


Vv: E= 4a (€oMe+e1m), (6) 


where ¢; and é are the charges of the two components. 
The problem reduces to finding solutions of Eqs. (1) and 
(6) under appropriate boundary conditions. 


3. CONSERVATION LAWS AND RELAXATION PROBLEM 


To be acceptable the collision model must satisfy 
certain general requirements. First, the collision terms 
must be such as to conserve the number of particles of 
each type, the total number of particles, the total 
momentum and the total energy. Energy and mo- 
mentum are not conserved instantaneously for each 
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type of particle; they are exchanged by the particle 
types by collisions. Second, the collision terms must 
express the irreversibility of kinetic phenomena. This 
aspect can be investigated by examining the time be- 
havior of a spatially homogeneous non-Maxwellian 
distribution. We require that the system relax to a 
Maxwellian distribution of velocities. 

To investigate conservation of particle number one 
integrates over the entire velocity range for v;. Instan- 
taneous conservation of particle number for each con- 
stituent results; this property has been built into the 
structure of the equations. 

The collisions of like particles leave the momentum 
unaltered ; the time rate of change of the ith component 
momentum as a result of collisions with the jth com- 
ponent is 

Of ij nN; 
mifv OS ad 


bt CF: 


Since the number of collisions per unit time by particles 
of type 1 with particles of type 2 is the same as the 
number of collisions made by type 2 with type 1 we have 
712=02. Thus the conservation of total momentum is 


m(Qe1— G11) + m2(qi2— G22) = 0. (7) 


Similar calculations yield for the requirement of con- 
servation of total energy 


3k(T2—T11) +3k(T12—T 22) 
+m (qor?— gir?) + m2 (qi2?— 227) =0. (8) 


Equation (7) is a vector relation yielding three condi- 
tions on the six components of qi2, q21; Eq. (8) gives one 
relation for the two additional numbers T12, T2. We 
have therefore four relations between eight independent 
quantities. Further conditions will now be obtained 
from a study of relaxation problems. 

In I the one-component system was described by 
Eqs. (15)—(20). For processes in which there are no space 
gradients the density, flow velocity, and temperature are 
constants with respect to time. However, the distribu- 
tion function itself, and other velocity moments such as 
heat flow and stresses, can change with time. If at ‘=0, 
f(v, t=0)=A (v), the solution of (15) is 


oo \ 
7) 
—m(v—q)? 
xexp| 
2kT 


f(v,j)=A ertn( 


Ja-es, (9) 
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This yields the correct Maxwellian distribution as i . 
The distribution function decays to equilibrium ex- 
ponentially, at a rate which is independent of the size 
and nature of the initial deviation from equilibrium. 
This is a special property of our oversimplified relaxation 
model; nevertheless an account is given of the irre- 
versible nature of collision processes. 

For mixtures of particles the relaxation problem is 
defined by the equations: 
(10) 


; My n? NN; 

( ) je “bt 0, 
Fi OF Ci Cj 
Since collisions conserve the number of particles of each 
component, ; and m2 are constants. The quantities 
Qi, Tix, Gis, Ti; are in general functions of time. By 
forming the moments of Eq. (10) one finds that the 
time dependence of these moments is governed by the 
equations: 


Ogii Mj 
praia Co 


0 Cji 
OTs; nj 


mi; 
sa =| P 5s— Tis t—(5i— 4s)’ }.- 
at Ci 3k 


(11) 


If the qu.---72: are determined, straightforward inte- 
gration of Eq. (10) yields the time dependence of the 
distribution functions. The requirement that the system 
tends to equilibrium implies that a common flow velocity 
and temperature for the two components is reached. 
Thus 
qu(teo )=q22( )=q., 
T(©)=T22(%)= Ty. 


In addition, one must have (q;;/0/) (© )= (87 ;;/dt)(~) 
=0, which results in 


qis(© )=qii(~m)=q. and T;(e)=T;,(0e)=T,. (12) 


We now introduce a further basic assumption in order 
to complete the theoretical scheme (1)-(6) in the 
simplest manner. We take qz; and qi2 at any point x, / to 
be linear combinations of q, and qe at x, /: 


Qj =O; Aista; Mis, (13) 


where a,j are constants which depend only on the masses 
m, and m2. These constants measure the average frac- 
tion of momentum transferred from one component to 
the other by collisions. The assumption of a linear 
combination is restrictive, since the mean velocity of 
particles coming off is given in terms of the first mo- 
ments q; and q alone. It is however in keeping with the 
general type of investigation of this series of papers. 
(The limitations of these assumptions will be discussed 


in paper ITI.) 
If the expressions for qj; are inserted into the mo- 
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mentum conservation Eq. (7), one finds 
(14) 


Use has been made of the fact that qi, q2 can be pre- 
scribed separately and arbitrarily at ‘=0. 

The relaxation requirement, Eqs. (12), together with 
Eq. (13), yields, (since q,, is arbitrary), 


M y22= M2(1—ay2); M0011 = M;(1—ay). 


a22= 


(15) 


Because of the structure of Eqs. (14) the single addi- 
tional condition 


—~Q21, 12> 1—ay. 


(16) 


a22= (m2/m)ar 


is obtained. There is thus only one free quantity; this 
measures the average fraction of momentum transferred 
per collision. For the Boltzmann equation this parameter 
would be connected with the law of force between the 
two types of particles. In our approach we do not take 
account of the detailed geometry of an encounter. For 
the electron ion case, to a sufficient approximation, 
21 = m,/(m+m2).4 

The momentum change per unit time as a result of 
collisions between components, now becomes 


(mnn2/o21)a22(Q22— qui). 


This agrees with the equations of Chapman and 
Cowling? and Westfold* with the appropriate value for 
1/on[1/on= (1/mi+ 1/mz2)*]. 

For the temperatures T2; and 712, we assume 


T 21 = 0022’ T 29-001’ T 11 +A 22? + Bqur qo2+Cqu1’, 
T12= a2’ T2211’ T 11+ Dao? + Equi qoet+ F911’. 


The ten constants are of course not independent. Insert 
(18) into the energy conservation law (8), and set the 
coefficients of Ti:, T22, 911°, G20”, and qii-Q22 separately 
equal to zero. The coefficients of T,, and 722 yield the 
relations 


(17) 


(18) 


The coefficients of g;’, go? and qi-qe give three relations 
for the six quantities A, B, C, D, E, and F. 

Further relations are obtained by considering spatially 
homogeneous relaxation processes. For a process in 
which q; and qe are zero, T2(©)=7 (©) and T2() 
=T,(«). Thus, 


a22'T2( © )+ (az:’—1)T1()=0, 
(ai2’— 1) T2( )+-an1'T(~ )=0. 


If furthermore the plasma is “isothermal,” the common 
temperature T,,= 7()=72() is reached and 


‘i , Oa: , 
aoe = 1—ay2 ), == 1—az’. 


(20) 


22’ =1—an', ai’=1—ay'. 
These equations imply 


(21) 


‘J. Jeans, Introduction to Kinetic Theory of Gases (Cambridge 
University Press, London, 1946). 


a 
Qe2 =a. 
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Thus one of the four a’ remains free. If one considers a 
more general process in which qu and qo: tend to the 
common value q,,, the conditions T2,(%)=7;(*) and 
T12(©)=7,() yield the additional relations 


A+B+C=0, D+E+F=0. 


Only one of the six quantities remains free. We are left 
with three undetermined constants, say a1, a1’, and A. 
For the small-amplitude processes dealt with here, the 
constant A will not appear since it occurs as a coefficient 
of the second-order term qo”. The quantities a1, a1’ 
measure the average momentum and energy exchange 
between components as a result of collisions. 

A correct mathematical treatment of the plasma 
oscillation problem should include the processes main- 
taining the plasma in a steady state. Our procedure is to 
assume that the steady-state distribution is known and 
to consider the effects of elastic collisions and space 
charge forces in determining the character of small 
oscillations. The effects of inelastic collisions are only 
taken into account insofar as they determine the 
steady-state distribution. This is probably a good ap- 
proximation provided one takes into account the non- 
Maxwellian character of the distribution. For low-pres- 
sure discharge-tube plasmas, the electron temperature 
may be considerably higher than the ion temperature 
and there may exist mutual diffusion of the constituents. 
It is possible to deal with some aspects of these more 
general cases very schematically within the framework 
of the present theory. One throws the entire burden of 
maintaining the non-Maxwellian steady state onto the 
elastic collisions. The relations between a;;:--F are 
modified so that the momentum and energy conserva- 
tion laws hold, and such that there is a prescribed 
steady-state ratio of electron to ion temperature. This 
will not be done here, since these considerations are 
important only for the low-pressure ionized gas, the 
main features of which are deducible from the limit of 
zero collision frequencies. 


(22) 


4. LOW COLLISION FREQUENCIES-POSITIVE ION 
OSCILLATIONS 


The characteristics of the oscillations of a two- 
component ionized gas are very varied, since the system 
is described by many independent parameters. In the 
present section, we treat the low-pressure plasma for 
which the frequency of close collisions is small compared 
to other characteristic frequencies. We study the pos- 
sible waves as a function of the parameters m;/mo, 
T1:/T22, etc. 

A feature not present in the one-component plasma is 
that under certain circumstances two types of modes can 
propagate for a given wavelength. One wave is a high- 
frequency electronic plasma oscillation, slightly modi- 
fied by the motions of the positive ions; the second 
mode is a low-frequency positive-ion oscillation. These 
ionic waves have been discussed previously by Tonks 
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and Langmuir’ and Rompe and Steenbeck.? In the 
Tonks-Langmuir derivation the random temperature 
motions of the ions are neglected; the ions have, how- 
ever, an organized component of motion. The electrons 
partially follow any displacement of the ions so as to 
neutralize the space charge created, and take positions 
in accordance with a Boltzmann distribution. Mathe- 
matical analysis based on this idea leads to the disper- 
sion relation: 


w= prws?/(p?+k,’), 


where &; is the Debye wave number for electrons, 
ky?=4rne?/kT 1; n is the mean density of electrons (or 
singly ionized atoms), and w= (4rne*/mz)! is the posi- 
tive ion plasma frequency. For wavelengths shorter than 
the electronic Debye length, the frequency tends to 
w=we so that the mode becomes highly dispersive. The 
reason is that the electrons cannot respond effectively to 
periodic charge displacements over distances less than 
the electronic Debye length. The electrons then form a 
practically uniform negative background for the posi- 
tive ions; this is the inverse situation to the electronic 
plasma oscillation. For long waves, ie., pki, the 
dispersion relation becomes w*—>p?(kT 11/mz2). This shows 
no dispersion ; the spectrum is that of a sound wave with 
a speed determined by the electronic temperature and 
the ionic mass. It does not contain the charge because 
the electron motions tend to compensate the positive 
space charge so that there is no electrical restoring force. 

The theory to be presented substantiates this picture 
in broad outline, with, however, some qualifications. We 
find that the low-frequency modes are damped at a rate 
which depends on the ratio of the electron temperature 
T 1, to the ion temperature T2:. For waves long compared 
to the Debye length and 7 :/T2.>>1, the ratio of 
imaginary and real parts of the frequency, i.e., the 
damping per cycle, is negligible. For T,, comparable to 
T22, the damping is appreciable. In many plasmas (e.g., 
in discharge tubes) where the collision frequency is 
small, T1:/T22 is actually large. In considering the 
damping per cycle as a function of wavelength, one 
must consider three regions. For example, for 7),/T22=9 
the electronic Debye length is three times the ionic 
Debye length. The region pv2/w2<} represents waves 
longer than both electronic and ionic lengths; the 
damping per cycle is negligible. The second region 
} <_pv2/w2<1 covers waves of lengths between the two 
Debye lengths; the damping per cycle has already be- 
come appreciable. For pv2/w2>1, i.e., waves shorter 
than both Debye lengths, the damping is so great that 
no organized oscillations can be said to exist. 

To treat the problem mathematically, set the right- 
hand sides of Eqs. (1) equal to zero. In the zero-collision 
frequency case a Laplace transformation treatment is 
necessary since one deals with “drift” damping.® 


5L. Tonks and I. Langmuir, Phys. Rev. 33, 195 (1929). 
° See reference 1, p. 520, 
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Introduce 
fi=nG(1+¢)), 


m,; i —myn? 
on (a) oo) 
QakT 2RT 


The ¢; are dimensionless quantities, which are of first 
order in the electric fields which occur. We will consider 
deviations from a steady-state Maxwellian distribution. 
(The fact that the distribution is in general non- 
Maxwellian may be important for the excitation of 
oscillations.) The linearized equations are 


(23) 


(24) 


ig E = tan f dxGairete f 660) m 


As in paper I, initial-value problems will be studied. We 
therefore perform a Fourier transformation with respect 
to the space variables and a Laplace transformation 
with respect to the time variables. Introduce the 
notation: 


1 
$(v,x,/) ™ (2x)! fentvsnerrap, 


bne= f by(v,i)e-*'dt. 
0 


The usual inversion formulas hold. For disturbances 
along the x-direction, the transformed equations are 


C:Epe 2; 


(o+ipus)dipe= + ip(v:,0), 


i 


(25) 
ingen orf bmpGaivetes f buyGidr:). 


Here u; are the x-components of the velocities v;; 
¢ip(v;,0) are the Fourier components of the distribution 
functions at ‘=0. 

The solution of Eq. (27) is obtained in the manner 
indicated in Eqs. (37)—(44) of paper I. One finds a set 
of linear inhomogeneous coupled equations for the 
density perturbations 


Vipe= fo ipoG dV. 


The integrals occurring have been studied in I [Eqs. 
(79) and (80) ]. We define 2;= (0/p)(m/2kT ;)* and use 
the derivative of the error function, F\(Q)=2QF(Q)—1 
[where F(Q) is given by Eq. (59) of I]. The solution of 
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F,(Q)) 
pPk;? 
F,(Q)) 
3 ats 
Pky? 
Pip (v,0)Gidv 
won f nemneen 
o+ipu; 


2, 


the set of equations is 
F,(Q) 
Ym 


A: Vipe— (: _ 
pk: 


kh 2 
where 


The denominator A is 
1 /Fi(Qs) Fi(:) 
pete) 
The expressions for Ey, and @¢ip, are obtained by 
inserting the expressions for vip- into Eq. (25). The 
asymptotic time behavior of the densities is determined 
by the root of A with the largest real part. For the case 
of zero collision frequency, the asymptotic dependence 
of the distribution functions differs from that of the 
densities or electric field [see discussion of I following 
Eqs. (43) and (51) ]. 
We now study the dispersion relation 


A=0. 


(27) 


(28) 


For a given value of the wave vector p there are 
infinitely many roots; one is mainly interested in finding 
the cases where there is at least one approximately 
undamped root. 

The simplest special case of interest is that for which 
the temperature T22 of the positive ions is zero. The 
ions, however, have ordered motions appropriate to 
the oscillation in question. It will be seen that 
|Q2|=|o/pasv2|>>1 for both the high- and low-fre- 
quency modes. Q; lies in the second or third quadrant of 
the complex 2 plane. We therefore use the asymptotic 
development 


1 eee” 
FQ;)=ne ng) +—(1-—+ ---), 
Rose (20,2)? 


In most cases the exponential term is unimportant. In 
the limit of zero ion temperature we retain only the 
second term; this yields a contribution to A of 
(1/p*) (Fi/ki?) a2? /o*. 

For the electrons the velocity a;= (kT 1:/m;)! is high, 
both because of the small electronic mass and the high 
electron temperature. For the high-frequency electronic 
plasma waves the condition |9,|>>1 is satisfied when 
one considers waves longer than the electronic Debye 
length. When |Q;| ~1 we find, as in I, a heavy damping 
for these waves. Using the asymptotic expression for the 
electrons, and neglecting the exponential term, 


eoutter ie 13(£ ea (30) 


() 
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This is our earlier result for the electronic plasma 
oscillations. The modification of the frequency arising 
from the presence of the positive ions is negligible since 
wKw,*. For wavelengths long compared to the elec- 
tronic Debye length we verify the conditions pa;/w<1, 
insuring the validity of the expansions. Since (2; 
=—iw/paN2, the 2? are negative and large; the 
exponential terms are therefore indeed small. For waves 
comparable to the Debye length these terms are im- 
portant and lead to heavy drift damping. The correc- 
tions to the frequency arising from the finite ion 
temperature are very small; they are obtained from the 
higher terms of Eq. (29). The high-frequency oscilla- 
tions thus occur for arbitrary values of T,/T: and 
m,/mz. This type of mode propagates freely in a plasma 
consisting of ions of equal mass as well as for the 
electron-ion gas. 

For the low-frequency positive-ion oscillations again 
|Q2|>>1. For the electrons, however, |{,|<«1 so that we 
must use the convergent series for F({;). The first few 
terms are 

F(Q,)= dnt—0,+-432102— ee te 
F\(Q))= _— 1+7'2,— Vt 


If the leading term for both positive ions and the 
electrons is retained, one finds the Tonks-Langmuir 
result 


(31) 


w= por?/ (phy). (32) 


The condition for the validity of the positive ion 
expansion, |{_|>>1 is satisfied in virtue of the assumed 
zero ion temperature. For the electrons we evaluate], | 
by inserting from Eq. (32). This yields the condition 
w2<V2w;, which is well satisfied in virtue of the small 
electron-ion mass ratio. 

Including higher terms for the asymptotic expansion 
of the positive ions 


w= pws? (14+) 
Prk . ot 


w 


(33) 





iw 
— (22)'— exp(Q,”) ‘ 
pae k? 


The solution by a method of successive approximations 
reveals that the damping arising from the exponential 
term is extremely small provided 71,:>T22. 

If the ion temperature is set equal to zero but an 
additional term is retained in the convergent series for 
the electrons, one finds 


pw? kywWe 1 
w= (ir =). (34) 
P+k? a;v2 (p?-+h,?)! 


The additional term gives damping which is of order 
w2/w, times the real part of the frequency. Higher terms 
give corrections which are smaller than the leading term 
by powers of w2/w;. Our conclusions are that relatively 
undamped positive-ion modes can propagate when both 
w2/wyK1 and T1;/T22>>1. This is the case for many low- 
pressure electron-ion plasmas. At higher pressures (even 
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with neglect of collisions) the waves are heavily damped 
since Ty T 2. 

Finally we consider the effects of collisions on the 
positive ion oscillations. These can only lead to damping, 
for the procedure of this section is based on the use of 
the convergent series for F(Q,). The higher terms in this 
series increase in magnitude with increasing collision 
frequency; they have been shown to give damping 
corrections. The situation is particularly simple if we 
restrict ourselves to the case of zero ion temperature and 
infinite electron temperature. Then a:—0, a;—, and 


pws 


Qe———P ©, 


We 
Qe, |2%|=—<K1. (35) 
ky w V2 


From Eqs. (45) and (46), we obtain 


2 2 


1 
Lu= 1——Fi(%), 
p 


ky 


me a 


lan inw 
Lew? —o+—an, La=w2?——an. 
021 021 
The dispersion relation is 


w?— i(wn/o2)ar 


1 (b/P)FilQa) 





The higher terms of the convergent expansion of F,(Q,) 
give small corrections of the order of (m,/mz)! times the 
leading term. Neglecting these, we have 


n P 
wr w?—tw—ay, J—. 


021 1 


The imaginary part of w is then (”/o2.w1) (p/2k1) (m/mz)! 
times the real part of the frequency. The damping is 
thus appreciable only for collision frequencies greater 
than the electronic plasma frequency. It would appear 
that positive ion modes can propagate at relatively high 
densities. In reality, the electron and ion temperatures 
approach equality as the density is raised; as we have 
seen, this acts to destroy these modes. It would be 
possible to give detailed numerical discussion of the 
nature of the low-pressure modes with the aid of our 
general formulas; our goal is only to exhibit the general 
features. 
The ratio of the density perturbations is 


vo/ vi 1+ (p*/k,’), 


where we have used Eq. (32). The positive and negative 
density variations are in phase and are approximately 
equal for p<k,. This expresses the adjustment of the 
electron density to that of the positive ions. For p>, 
the positive ions are mainly perturbed. In higher ap- 
proximations one finds small out of phase components 
dependent on m/m2, T22/T1 and on the collision fre- 
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quency. Examination of the distribution functions shows 
that the largest perturbations are experienced by 
electrons and ions moving near the wave speed. 

The preceding conclusions have been obtained from 
a formalism involving single-particle distribution func- 
tions. It is possible that a more accurate treatment of 
screening effects will modify the conclusions. 


5. LINEAR APPROXIMATION—THE DISPERSION 
RELATION 


We now write the general Eqs. (1)—(6) in linear 
approximation. To the definitions (25) add 


n;=n;(1+7;), Ty=T j(ltrj), j, k=1,2, (36) 


fi; and vf; are the mean and fluctuating components of 
the densities, 7;; the fluctuating components of the 
temperature. In the linear approximation, 


v= f G3 dvj, 


3kT 5; 
(vis+75)= f Gio 7dv;, (37) 


mj; 
qii= f G i dv;. 


Expand all quantities contained in Eqs. (1)—(6), and 
retain only first-order fluctuating terms. The kinetic 
equations are (dropping the bars) 


ox 


Ny Nk MV 5 {N55 MAK; 
=- +=) 6;+r)+ ( + ) 
kT C5; Ckj 


Cjj Thi 


ij 


mv? nj; Nk 
+( -1) (r+), (38) 
QkT 5; C5; Cj 


For the two-component neutral gas the charge e—0 
and the densities m, and m2 are arbitrary. We shall be 
concerned with the ionized gas where the condition of 
quasi-neutrality requires that m:=m.=1. For the study 
of longitudinal oscillations one uses Poisson’s equation, 


Vv -E=4ren(v2.—7;) (39) 
and the linearized equations of continuity 
(dv;/0t)+¥ -q;;=0. (40) 


We shall assume that all oscillating quantities have a 
dependence on space and time of the form e“?*-*, The 
relationship of this procedure to the exact method, 
which solves an initial-value problem by a Laplace 
transformation with respect to the time variable was 
discussed in paper I. 
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Equations (39) and (40) then yield 


4ren 
E,= (ve—v1). 


ip 
Using (13) and (17), we find 


nj nN, Uk? UswfN; MM 
Ajo;= v4 —+—+ +-— -{| —+—a1; 


+4 
Oj; Ory tp af pros; on; 


Uj Nw Usk? 
a —-ou~ 


aforsjp ip 


ov? Nj Nk 
to (3) tans 


a; Ojj Tkj 
v? Mh 
+rexl | ——§ Jor’—], 
2a? Ckj 


Ny Ny 4 
Aj=—+—+i(p-v;—w). 


Ojj Tkj 


qiz=—Vj, 





In the present paper we work with the isothermal 
approximation discussed in Sec. 4 of I. We set the 
fluctuating temperatures 7;; equal to zero and introduce 
the notation 


Ni Nk 4nnje 

n= (+), k?= ’ 
Ojj OR; kT j; 

kT ;; 


wf=k?a 


Mm; pa ad 


Aj— tw 
a?= 


To find the dispersion relation, we make use of the 
definitions »;= /¢,G,dv; and insert ¢; from Eqs. (42). 
The result is a set of coupled equations for »; and v2: 


mLyutveli=0, 
vyLatvele=0, 


(44) 
where 


Ajv2 
Ljj=1—}—F Q)) 
pa; 





ae 


F,(Q;) mwa 
Lu= wP—i—are ° 
P 2 


a; O jk 


| 4s) 


1 
+[o7-+ion( + 
0 jj 


Tj 


The dispersion is obtained from the condition that 
nonzero solutions exist. Setting the appropriate de- 
terminant equal to zero, 


Ly Lee= L221. (46) 
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When the solutions w(p) or p(w) have been found, the 
ratio v;/v2 is given by v1/v2= — Li2/Lu. The distribution 
functions ¢; may be expressed in terms of a single 
quantity, say »;. These steps are important for inter- 
preting the physical nature of the modes which are 
permitted. 


6. LIMITING CASES 
1. Transition to One-Component System 


Set o12=02;—, so that there are no collisions be- 
tween particles of the two components. Put m:,—>© so 
that the second component is immobile, and contributes 
only its stationary space charge. Then 


a0, |Q» | 7, F(Q.)—0, P, (Q2)—0. 


Ly and L»; tend to zero and Lz to unity. Then L1,=0; 
this is the dispersion relation for the one-component 
system [I, Eq. (58) ]. The ratio v2/v; tends to zero. 


2. The Case of Equal Masses 


Situations are not often found where most of the 
negative and positive constituents of a plasma have 
comparable masses. However, this case is relatively 
simple from the mathematical point of view and permits 
insight into some of the properties of the intricate 
dispersion relation (46). For equal masses, all o’s and 
a’s are equal and a;=a.=a. Then Ly=Ly, Liz=La, 
and 


rn [(oe())aE2-n (0 


where the upper and lower numbers arise from taking 
the positive and negative square root of Eq. (46). The 
lower equation does not involve the charge in any 
manner, while the upper equation does through the w,? 
term. 

In order to study Eqs. (47a) and (47b), with particu- 
lar emphasis on the undamped roots, it is necessary to 
use representations of F(Q). The asymptotic series is 
particularly useful since the case |Q|>>1 includes the 
high-pressure limit. Even if \=0 (low pressures), from 
the work of Sec. 4 we expect to find a solution if there 
are waves of frequency w>a. 

Equations (47a) and (47b) are, respectively [after 
multiplying by (A—iw)*], 


‘a? 
—w+ (A?— 4twd) 
(A— iw)? 
3ptat 
+> (—\?+6iwd)+ - - - 


(A—tw)4 


twnr 
(-#-—+201) 


pa’ 5 
+ (»°—ian—60*) 
(A— iw)? 2 


3ptat 


7 
( —)?+ 10+ J =0. (48b) 
(A—tw)4 2 
Let us first examine Eq. (48a). AsA—> © , w*p?a?, which 
is the correct isothermal dispersion relation for sound 
waves. The complete dispersion relation (48a) has of 
course infinitely many roots. We are interested in those 
roots which are approximately undamped, since in the 
absence of undamped roots a detailed consideration of 
all the roots and the boundary conditions is necessary. 
It is clear that as A> there are slightly damped sound 
waves and that the frequency may be expressed as a 
power series in (pa/A). We find, for pa/A<1, 


2 
mrfi-Pnn(2)+--] 
ny r 


Examination of the full dispersion relation (47a) 
shows that the damping increases as pa/A becomes 
comparable to unity and that other roots play a role. 
There are no undamped roots for low collision fre- 
quencies. Since L;;= +L», the ratio v2/v; is +1 for the 
equal-mass case. For sound waves v2/v;=-+1 showing 
that the two components are fully locked in phase. We 
have 


(49) 


' mu w 
b=» wre “| /otiomo} 


Now examine Eq. (47b). For A->0, we obtain’ 


3p*a* 
w= 2u'( Coat vee ). 


3) 


This is the correct dispersion relation for the case of 
equal masses in absence of collisions. If the collision 
frequency is small one can obtain corrections to Eq. 
(47b) as a power series in \/w;. We consider the matter 
from a slightly different point of view. Undamped roots 
are obtained only for paX<w,; one first sets pa=0. The 
solution of (48b) is 


ir 2? 7 
20=—— Joy 1 : 
2 32w;? 


The roots with positive and negative sign will be dis- 
cussed separately. 
For the negative root we have (Aw) 


ir 
2w= qty 2wiV2[1 _ (A?/64w,”) + ees }. 


7 Note that w—v2w; so that \/w:~+/n-0 at low densities. 
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The real part of the frequency is negative; the damping 
is proportional to the collision frequency. There are also 
corrections to the real part starting with the second 
power of the collision frequency. As \/w; increases so 
does the damping. For \?2>32w,’ the root is purely 
imaginary; the imaginary part of w ranges between 
—)/4and —)/2 as \/w; varies. The complete Eq. (48b) 
for pa~0 has a solution which is approximately the one 
we have been considering. Thus if pa<w, one finds that 
??a*/(A—iw)*1 for all values of \ so that the second 
and third terms of (48b) give only small corrections. 

The positive root has a behavior similar to that of the 
negative root for <4V2w;. For \>>4V2w:, however, one 
has 

oa 14q;?/ r. 


This is purely imaginary, and the damping decreases 
with increasing collision frequency. Nevertheless there 
is no wave propagated since the real part of w is zero. In 
the case of a neutral gas (w:=0) the root is identically 
zero. For pa*0, we again verify that | pa/A—iw|<1 for 
all \ when paXw. For \>>w1, 


w—>— i(4w;?+ 2p%a?)/dr 


There is thus only a small correction to the imaginary 
part. In higher approximations there will be contribu- 
tions to the real part of w. These are smaller than the 
imaginary part so that the damping per cycle is over- 
whelming and waves are not propagated. 

In view of the fact that the low-pressure “‘ion’”’ modes 
are strongly dampled for equal masses, the additional 
damping due to collisions will not be discussed. 


3. Transport Approximations 


In this section we discuss an approximation in which 
the plasma is viewed as consisting of an electron- and an 
ion fluid coupled by collisions and by electrical restoring 
forces. Thus the ion-ion and electron-electron collision 
frequencies are infinite while the electron-ion collision 
frequency is arbitrary. We are particularly interested in 
the manner in which the high-pressure sound waves are 
modified due to the diffusion and polarization effects. 
The additional modifications arising from the viscosities 
and thermal conductivities of the individual compo- 
nents, can be treated with the full set of Eqs. (36)—(42). 
Since the transport approximation leads to tractable 
dispersion relations it is useful as orientation. 

The transport approximation is essentially that made 
in the treatments of Thomson and Thomson.* For this 
case A, and Az, are infinite so that only the lowest ap- 
proximation in the asymptotic series of F(Q) remains. 


me J. Thomson and G. P. Thomson, Conduction of Electricity 
voek ps Gases a University Press, New York,” '1933), 
v ol. 
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Then 


Aniw 
w+) 
me 
Aniw 
“(00 
my 
a) 
Mm, O21 my+me 021 fi 


Thus An/my is the electron ion collision frequency. This 
is the form obtained if one uses the equations of Thomson 
and Thomson, retaining the collision terms which they 
discard in their subsequent analysis. 

Foran initial value problem, Eq. (50) is to be regarded 
as an equation for w as a function of p. It is then a 
quartic equation and is best investigated generally by 
numerical methods. We wish, however, to study the 
general features so as to obtain insight into the mathe- 
matical treatment of the complete dispersion relation. 

Certain special cases are simple. If the masses are 
equal, 


w—wy— pa?+ (A niw/m,)= +[w?— 


(.* poe—wit 


(Aniw/my)], (51) 


or 
= pe’, 
w— par— 2w 2+ (2A /m,)niw= 0. 
The first equation represents the sound mode. For the 
present “two-fluid” model there is no effect of collisions, 
i.e., damping or dispersion. By way of contrast, in Sec. 4 
we found that for the rigorous kinetic equations there 
was no positive ion mode for equal masses. The fact that 
the sound mode does not involve the electric charge is 
special to the case of equal masses. The second equation 
gives a plasma dispersion relation involving the electric 
charge. When An/m>w1, one finds highly damped 
roots as discussed earlier. 
For unequal masses we order the terms according to 
the power of the collision frequency. 


Ania(— Pra?? sa ) 


= ww? — (w*— p'a2?— ws") (w*— p?ay?— wy’). 


As An-0, one has (w*— p?a2’—w:") (w*— p’a;?—w,”) 
=w}’w?’. This is a dispersion relation for coupled electron 
and ion modes. When Au is small the left-hand side may 
be treated by a method of successive approximations 
starting with one of the solutions for An=0. The effect 
of collisions is to cause damping. However, in this range 
the dispersion relation has little relation to reality since 
it is not permissible to let An—>0 while retaining the 
assumption of infinite collision frequencies 1, 2. 

As An—o the expression inside the brackets on the 
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left-hand side must tend to zero. This gives 
w—>p?- 2kT/ (mi+me), 


which is the correct sound speed for a mixture in the 
isothermal case. 

When Az is large but not infinite, it is possible to 
obtain a solution in which the frequency w is expanded 
directly in inverse powers of the collision frequency. In 
order to bring out the relative roles of the plasma 
frequencies and of the quantities pa,;, we proceed in a 
different manner. 

Note that Eq. (50) is a quadratic equation for p?(w). 
This point of view is appropriate when one considers a 
boundary value problem. The solution of the quadratic 
equation is 
y w*(mi+ m2) +2(A niw— 4ane*) 


" 





[o*(mi— m2)?-+4(A niw— 4arne*)? }! 
= 4 
2kT 


To study the behavior further one expands the terms 
in the square root. the expansion parameter is 
¢=w?(m— m2) /2(Aniw—4ane’). The negative root is 


w(my+m:2) w*(m,— me) 
p2= + $(1+5°/2). 
kT 2kT 





Since 4rne? is real and Aniw is imaginary the expansion 
in powers of ¢ converges if (a) w<2A mw/ | mi—mg|, i.e., 
frequency less than m,/mz times the collision frequency, 
or (b) w?|mi:—mz2| <4ane’, i.e., frequency less than ion 
plasma frequency. If further, 4re?<2Aw, an expansion 
in terms of the inverse collision frequency is possible. 
This limit requires both very high frequency and high 
density. It is hardly ever realized in practice. The 
expansion is 


. w?(my+ms) | ia*(m— ms)? 
RT ART An 

i4re* iw’ (m,— mz)! 
getty) who 
Aw 32kT (Anw)$ 
The first term yields damping, the second a correction to 
the real part of p. The effects of the charge enter in the 
second power of the inverse collision frequency, as a 
dispersive correction. The term involving the first power 
of the inverse collision frequency contains the mass 
difference. Thus at high pressures the absorption is 
mainly due to diffusion. The higher corrections, of 
course, yield contributions of both diffusion and 

polarization to the absorption and dispersion. 
When 4re?>|2Aw|, one can obtain the dispersion 


relation as a series of inverse powers of 42e*. This low- 
frequency and moderate- or high-density case occurs 





more often. One finds 


»_& (mtme) w*(m— me)? 


mi 2kT 4-4ane? 


iAw Aw \? 
x1+—-( ) +] (53a) 
dre? \ 4rre? 


The first term in the absorption is of the order of 
(w?/ws") (Aw/4are*\ times the real part of p?. The quali- 
tative behavior of an ionized gas thus depends on both 
the frequency of the waves considered and on the 
density. The region where frequency, collision fre- 
quency, and plasma ion frequency are comparable is one 
of heavy damping. 

We now return to the dispersion relation (50) con- 
sidered from the w(p) point of view. Introduce the 
symbol 





= 4rne’— Ania, 


and consider Eq. (50) as a quadratic for w* (in spite of 
the fact that it contains w). Then 


Pas } 
24 (e+ ps7) (—+—) 


mM, Me 


| eroar(—-—) +=]. (54) 


m, M2 mM M2 

The positive roots yield plasma oscillations in the low- 
pressure region but are heavily damped at high pres- 
sures; therefore consider the negative sign. 

At high pressures, | p?kT+£|~ || for long wave- 
lengths. Note that with m,<mz, the second term under 
the square root is of the order of m,/mz times the first. 
The development of the square root yields 


Et PRT 2 


--+- (55) 
m2 (E+ p’kT) (m2—m) 
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We may develop in powers of m,/m2. To terms of order 
(my, ‘me)°, 

2pPkT (kT)? (pk)? 
SRE ND aS We 


mk" 


9 
a= 


(56) 
m2 Mot 


The discussion from this point on is similar to that given 
earlier for when 4re*< Aw, we expand in inverse powers 
of the collision frequency: 


PRT p(T)! Qnne’p’hT 3 p(k)? 
oe ang ats se eign eae ences . 


j ii 
me mtAnv2 A*n? 8 A’n? 





The first inverse power of the collision frequency again 
does not involve the charge; the second power does. 
Note that the expansion in powers of 1/An is not the 
same as an expansion of powers of ~’kT. Thus there are 
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corrections to the p*kT term which depend on 41re*/ An. 
If the charge is zero, the expansions are the same. 

The case in which 4re*>Aw can be handled by 
suitable expansions starting from Eq. (55). In like 
manner one may find the corrections coming from 
higher powers of m/z. 


7. DISPERSION RELATION FOR THE 
ISOTHERMAL CASE 


We now discuss briefly the complete dispersion rela- 
tion for the isothermal case, Eq. (46). Our treatment 
will make use of the asymptotic expansions of both 
F(Q,;) and F(Q:); these expansions are valid when 
| (Ay—tw)/payv2|>>1. The case of high collision fre- 
quencies is included in the following development, and 
we may examine the effects of finite mean free path and 
electric charge on the sound propagation. In addition, 
at low collision frequencies the conditions for the 
asymptotic expansion can be satisfied if | pa;|<<|w]. 
This is the case for the electron plasma modes where 
ww, provided one deals with waves longer than the 
electronic Debye length. It is interesting that such 
different types of waves come from the same dispersion 
relation. The frequencies of the electron plasma modes 
are practically independent of wavelength while the 
sound frequencies are proportional to the magnitude of 
the propagation vector. The region where frequency, 
collision frequencies, and plasma frequency are com- 
parable is characterized by heavy damping, so that an 
ionized gas does not propagate organized motions in this 
region. 

The expressions for L;; and Lj, are given in Eq. (45). 

We form the appropriate products in Eq. (46) and 
group terms according to powers of p*a/. Retaining 
terms of order p’, one finds 


2 
(0-02 — we +E ™ 
i (A; —és) 


3iw'n ; 
¥ | 30 Pw®—-—aoret+[A?—4tord;] 


CK 


x{ 2 —w— =] (58) 


Consider first the waves of infinite length, (pa;=0). The 
solutions are w*=0 and w*+iw(n/o21) —w:?—w2?=0. For 
zero collision frequency, the second type is an electronic 
plasma wave of frequency w:. The term ;* is a small 
correction arising from the presence of the positive ions. 
For nonzero collision frequency the discussion follows 
that of Sec. 6.2 for the equal mass case. The waves are 
appreciably damped when the collision frequency is 
comparable to the electronic plasma frequency. For both 
signs of the square root the damping per cycle is large, 
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for collision frequencies greater than the electronic 
plasma frequency. It is easy to see the character of these 
modes for finite wavelengths. We have, at zero collision 
frequency, 


3 
wm eat butt (ores ovr + ese. (59) 
@ 


The second term introduces a small wavelength- and 
temperature-dependent effect which is small for waves 
longer than the Debye length. The contribution of the 
positive ions is again small. The damping arising from 
collisions is still given in good approximation by the 
term independent of wavelength. 

The opposite case is that of high pressures. From our 
treatment of the transport approximation, we know 
that the grouping of terms in powers of p* differs from 
that in terms of powers of the collision frequency. For 
high collision frequencies, one must set equal to zero the 
coefficients of the terms proportional to the collision 
frequency. There are such terms contained in the 
constant and the ? group of terms of Eq. (58), but none 
in the groups for higher powers of ~”. We find 


= fp? (a°a12+ a;"a21) = 2p*kT/ (mi +m), 
since 
Q@21=m1/(m,+m2), a= mo/(m +m); 


i.e., we have the correct dispersion relation for a mixture 
of particles of equal concentrations under the isothermal 
assumptions. Here one obtains sound waves; the charge 
of nature of the particles does not enter since the two 
components are “locked together.” In this limit of 
infinite collision frequencies, 


v2o/v4= 1, oi= v{it+ (usc/a?) ], 


where c is the isothermal sound speed. This is the 
linearized locally Maxwellian distribution. To gain in- 
sight into the decoupling of the two charged components 
as the collision frequency decreases, one can find the 
frequency as a power series in the inverse collision 
frequency. In order to do this consistently, we must 
expand w wherever it occurs. To second order, it is 
necessary to include contributions from terms not 
written in Eq. (58). As in the transport approximation, 
the first power does not contain the charge, the second 
power gives a charged correction proportional to p*. 
From the work of Sec. 6.3 we know that there is another 
high-pressure, low-frequency limit in which charge effects 
play a more dominant role. This is the case 4re?> Aw, 
now modified by the viscosity of the individual com- 
ponents. The transport approximation is reached when 
Ai, Ae in Eq. (58). The detailed and intricate dis- 
cussion of the relative roles of diffusion, polarization, 
heat conductivity, and viscosity for the absorption and 
dispersion of the “high-pressure” ionized gas will be 
given elsewhere. 
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The usual proof that an electron in an energy band reacts to an external force as though it had an effective 
mass is shown to be invalid. It is shown, however, that for static externally applied fields, modified (field- 
dependent) energy bands can be found for which the acceleration theorem is rigorously correct. 





INTRODUCTION 


FUNDAMENTAL theorem in the band theory 
of metals states that for an electron in a Bloch 
state the rate of change of mean velocity proceeds as 
though the electron were a free carrier with an effective 
mass 
Mert? aS @E/dp’. 


The proofs usually given for this theorem,!~* however, 
can be shown to be invalid. As Kretschmann‘ has shown, 
the true value of dv/di for an electron in a Bloch state 
of any periodic potential is the same as though the 
carrier were a free electron. 

Kretschmann at first thought that the failure of the 
effective-mass theorem meant that the free mass rather 
than the effective mass should be used in making 
theories of the conductivity of metals. However, 
Peierls® pointed out and, later, Pfirsch and Spenke® dis- 
cussed in detail the reason that the free mass does not 
replace the effective mass in the theory of conduction. 
In brief, the explanation is that acceleration with free 
mass takes place for only a short time, after which the 
acceleration oscillates about its effective-mass value. 

The work of Pfirsch and Spenke shows clearly that 
the failure of the effective-mass theorem at short times 
can be traced directly to a field-induced mixing together 
of wave functions from different energy bands. We 
wish to show that if one modifies the Bloch wave 
functions so as to eliminate interband couplings which 
lead to high-frequency fluctuations, the resulting modi- 
fied Bloch states will be such that the acceleration 
theorem is rigorously true. 


1, 


We will begin by showing in detail how the failure 
of the acceleration theorem comes about. The unper- 
turbed Hamiltonian Ho can be that for any periodic 
potential and the perturbation will be simply — Fz, in 
which F is the force field and x a Cartesian component 
of position. 


1H. Jones and C. Zener, Proc. Roy. Soc. (London) A144, 101 
1934). 
. 2A. H. Wilson, The the of Metals (Cambridge University 
Press, London, 1953), p 

3 F. Seitz, The alee , of Mg (McGraw-Hill Book 
Company, Inc., New York, 1940), p 

‘E. Kretschmann, Z. Physik 87, 38 (i934), 

5 R. Peierls, Z. Physik 88, 786 (1934 

® DP. Pfirsch and E. Spenke, Z. Physik 137, 309 (1954). 


Let nx be a wave function of the mth energy band, 
and let an electron be initially in that state. The change 
in the wave function which takes place during a small 
interval of time 6¢ can then be written 


thoy /6t= E, (Rar tiF OWnr/Oke 
— FY waiXnn(k). (1.1) 


In Eq. (1.1), E(k) is the energy eigenvalue for the state 
k in the mth band and X,-,(k) is the interband matrix 
element of the coordinate at wave number k. Equation 
(1.1) may be obtained directly from the paper of 
Houston.’ Thus, for short times and to first order in F, 
the wave function may be written 


¥ (6t) ee [Wax — POD wha KX win(K) |xmeyrse/a- (1 .2) 


We can calculate the mean velocity using y as given 
by Eq. (1.2) and from it we find, to first order in F, 


(W (St) | v2] ¥ (6t)) = {0n(K)+ (iF St/mh)> » 
XDPawX n'n—Xan' Pain|) raeerse/r- (1.3) 


The f-sum rule* may be used to simplify the bracketed 
expression to give 


(0(5t)) =n (k++ F6t/h) + Fotl(1/m)—(1/mers)]. (1.4) 


The usual derivations of the effective mass theorem 
drop the second term of Eq. (1.4) on the assumption 
that for sufficiently short times interband processes 
can be ignored. If, however, we develop 0, (k+Fét/h) to 
first order in F, we see that the effective-mass accelera- 
tion is exactly cancelled by the second term in brackets 
on the right-hand side of (1.4), and acceleration with 
the free mass results as Kretschmann‘ has shown by 
use of the Ehrenfest theorem. 


2. 


Pfirsch and Spenke® have shown that for finite times 
the second term on the right-hand side of (1.4) oscillates 
at an atomic frequency, so that the acceleration consists 
of a large, rapidly oscillating part superposed on a 
steady acceleration corresponding to the effective mass 
rather than the free mass. They note that by choosing 
a momentum wave packet for initial state rather than 
a sharp Bloch state, they can arrange for the oscillatory 
term to rapidly die out, and from this they argue that 


7™W. V. Houston, Phys. Rev. 57, 184 (1940). 
§ Reference 2, p. 47 
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only the effective mass part of the acceleration should 
be used in conduction. 

We believe that Pfirsch and Spenke have given an es- 
sentially correct resolution of the Kretschmann pseudo- 
paradox. However, we find it objectionable from the 
formal point of view to base the theory of conduction 
on wave packet theorems, since we do not see how to 
actually carry out such a theory when degenerate 
statistics must be used. Accordingly, we will present 
a different treatment which we believe is capable of 
providing a more satisfactory basis for transport theory. 

Our first step is to construct a set of Bloch states 
which to first order in F are “decoupled” in the energy 
bands in the manner of Adams.’ These wave functions 
are not eigenfunctions of the unperturbed Hamiltonian, 
but instead are eigenstates of a partial Hamiltonian 
Hy which, in the representation by the states of the 
unperturbed Hamiltonian has the matrix elements 


(nk| Hp|n'k’)=6(k—k’)LEn(k)bnn’— FX an’(k) J. (2.1) 


We need diagonalize Hr to only first order in F, and 
this may be done by means of perturbation theory. 
The result is 


(nk| Hp|n'k’)=5(k—k’)E,(k)— FX an(R) ban’ 
The wave functions ¢,, which diagonalize Hy are 
Onk=Wnkt wal X n'n/Enn, 


and by using the full Hamiltonian it is readily shown 
that to first order in F 


ind gn./dt= [E.- Pkuu (R) oni tiF 0 gnx/Ok. 


Thus if initially an electron is in the state ¢,x, after a 
short time 6¢ it will be in the state gzx, where 


K=k+Fit/h. 


(2.2) 


(2.3) 


(2.4) 


It remains to calculate the mean velocity for an 
electron in a state gnx. From Eq. (2.3) 


(Onk,V2Pnk) 
=Unkt > ow FP (Paw Xa'n—X nn Pa'n)/Enn- 


From the fact that (p/m) is the time derivative of x, 
it follows® that 


(2.5) 


X ant =hP an /MiEnn’, 


so the last term on the right-hand side of (2.5) vanishes. 
Thus to first order in the field F, the mean velocity 
of an electron in the state ¢,, is exactly the same as 
the mean velocity in the state nx. Since the states 
¢nx accelerate without interband mixing, it follows 
that they constitute a set of states for which the 


*E. N. Adams, Phys. Rev. 85, 41 (1952). 


(2.6) 
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effective mass theorem is rigorously true. That is to say, 
if an electron is initially in the state ¢,, of the mth 
modified band, it will remain in that band while its 
momentum changes at the rate F and its mean velocity 
changes at the rate (F/mes;). 


3. 


We have seen that the acceleration theorem with 
the effective mass is not valid for the Bloch states Wax 
of the unperturbed Hamiltonian, but that there exists 
a set of field Bloch states yn, which are very closely 
related to the Ww», and for which the acceleration 
theorem is rigorously true. In addition, we have seen 
that each of the states ¢,; carries exactly the same mean 
current as the state yx. It is natural to surmise that 
the band theory of transport phenomena depends for 
whatever validity it has on the existence of the 
States Onx. 

In the representation by the gn, the equation 


Of n/At| electric field = (eF/h)df,,/dk 


for the probability /,(&) that the state gq. is occupied, 
is strictly valid. Thus if the collisions had no other 
effect than to cause scattering within the modified 
individual bands, a Boltzmann treatment could be used 
to get the current contributions of each of the bands. 
For example, if we assume a phenomenological collision 
time we can immediately obtain the formula for current 
obtained by Karplus and Luttinger” by a density matrix 
treatment, a formula which they have used to discuss 
the anomalous Hall effect in ferromagnets. 

A careful examination of the fundamental theory of 
scattering or of the theory of conduction in time- 
dependent fields shows that there can exist complica- 
tions that are not resolved by introducing the gnx. 
While we will omit a detailed discussion here, we note 
that in the first case there exist effects of collision which 
involve interband matrix elements in such a way that 
a Boltzmann description of transport is inadequate 
and the more elaborate density-matrix description 
must be used. 

We conclude that the well-known effective-mass 
equation for the acceleration by a force field is strictly 
valid to first order in the applied field, although the 
usual proofs attain the correct result through a com- 
pensation of errors. 


(3.1) 
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A new type of static viscometer for use in liquid helium II has been developed in which the inner cylinder 
is suspended within a rigidly fixed, coaxial, outer cylinder by a servomechanically controlled magnetic 
bearing of the type used by Beams and others in vacuum ultracentrifuges. The inner cylinder is accelerated 
electromagnetically and the absolute viscosity of the medium is determined from the deceleration observed 
when it is permitted to coast freely. Bearing friction is negligible, and there is no inherent lower limit to the 
speed of the rotor. Reproducible viscosity values were obtained in gaseous helium. In liquid helium II 
damping proportional to 1/TS caused by thermomechanical flow, induced by eddy-current heating, was 
observed. This effect was reduced considerably by elaborate precautions to isolate the apparatus from ground 
vibrations; further improvement would require more favorable location of the apparatus. At higher speeds, 
the anomalous behavior reported elsewhere was again observed. The absolute viscosity was found to increase 
discontinuously to a higher value as the speed was increased. The observation is reproducible qualitatively, 
but, because of vibrations, not quantitatively. Attention is called to a possible analogy between this phe- 
nomenon and the observation of stable vorticity in water. 





I, INTRODUCTION 


HE temperature dependence of the viscosity of 
liquid helium IT has been measured repeatedly by 
oscillating-disk techniques, but dynamic measurements 
of this nature yield only the product of an effective 
viscosity and an effective density. This density must be 
determined independently by other experiments; dy- 
namic measurements are inherently incapable of show- 
ing whether observed anomalies in the kinematic vis- 
cosity reflect anomalies in the effective density of the 
fluid or in its absolute viscosity. The history of the prob- 
lem has been reviewed recently by Daunt and Smith.! 
The two effects could be separated by a capillary-flow 
measurement, but this technique is not applicable in 
helium II because of nonclassical, pressure-independent 
“superflow” which masks any viscous effects. Hollis- 
Hallet,? adapting a conventional constant-rotation 
viscometer for use in helium IT, showed recently that it 
is extremely difficult to measure the very small torques 
involved in a static technique with sufficient accuracy to 
permit operation at the very low speeds at which a 
constant viscosity is observed. It appears, therefore, of 
considerable interest to search for a new static method 
of performing the measurement. 

It was shown by Taylor’ that, contrary to traditional 
belief,?4 stable laminar flow is possible in a viscometer in 
which the inner, rather than the outer, cylinder rotates. 
The geometry offers considerable advantages for opera- 
tion in liquid helium. The torque required to drive a 
superconducting cylinder surrounded by a stationary, 
Pyrex outer cylinder by means of a rotating magnetic 

t This ‘work was supported in part by the U. S. Army (Signal 
Corps), the U. S. Air Force (Office of Scientific Research, Air 

esearch and Development Command), and the U. S. Navy 
(Omtice of Naval Research). 

*Now at Lincoln Laboratory, Massachusetts Institute of 
Technology 

1J.G. Pont and R.S. Smith, Revs. Modern Phys. 26, 172 (1954). 

2 A. C. Hollis-Hallet, Proc. Cambridge Phil. Soc. 49, 717 (1953). 


3G. I. Taylor, Trans. Roy. Soc. (London) A223, 289 (1923). 
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field can be measured with very great precision by well- 
known “slip-frequency” methods. Unfortunately, we 
found it impossible to construct suspension bearings 
which would support the rotating cylinder with suffi- 
cient constancy of (a) position and (b) bearing friction. 
The best available jewel bearings satisfied only the first 
requirement, while a magnetic bearing making use of the 
Meissner effect satisfied only the second. The only 
bearing known to fulfill both requirements to any degree 
desired is a servomechanically controlled bearing of the 
type used in vacuum ultracentrifuges by Beams and 
others.® We decided to attempt the adaptation of such a 
bearing for use in liquid helium II. The apparatus 
described represents the culmination of successive 
modifications and refinements. 

The truly negligible “friction” of this magnetic 
bearing made it possible to perform the measurement by 
observing the rate of deceleration of a freely coasting 
rotor. The present experiment, although it resembles the 
constant-rotation experiment of Hollis-Hallet, in that it 
is also static, is analogous to the oscillating-disk 
measurements in one important respect: it measures 
energy dissipation in the fluid, rather than torque 
transmitted by it, and is sensitive therefore to thermo- 
mechanical flow like the oscillating-disk measurements, 
but unlike Hollis-Hallet’s static experiment. 

Sensitivity to thermomechanical flow is a decided 
disadvantage, particularly at temperatures below 1.5°K, 
as will be shown. 

An advantage arises in this experiment from the fact 
that there is no inherent lower limit to the rotor speed at 
which measurements can be made, which was not true 
in previous experiments. 


II. APPARATUS 
Magnetic Bearing 
The magnetic bearing operates as follows. A cylindrical 
iron rotor whose upper extremity terminates in a blunt 
* Beams, Ross, and Dillon, Rev. Sci. Instr. 22, 77 (1951). 
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Fic. 1. Section through the Dewar system. 


cone is suspended below the blunt conical tip of an iron 
core by the magnetic field produced by a solenoid 
surrounding the iron core. The horizontal position of the 
rotor is fixed by the divergence of the axially symmetric 
field, and its vertical position is stabilized by a servo- 
mechanism which controls the current in the solenoid 
and derives its input signal from a sensing coil mounted 
below the rotor. The sensing coil forms part of a tuned- 
grid, tuned-plate oscillator operating at about 8 Mc/sec 
and is sensitive to the proximity of iron. An error signal 
and its derivative signal are obtained from a cathode- 
follower detector, amplified separately, and then com- 
bined to form the grid input for the power triodes which 
control the solenoid current. Adjustment of the deriva- 
tive signal is quite critical in view of the necessity for 
large control forces in the absence of mechanical 
damping, and in view of the necessity for control re- 
sponse over a very wide range of frequency. In liquid 
helium the adjustment must be made quickly and re- 
liably with the aid of predetermined settings because the 
eddy-current heating caused by uncontrolled hunting 
will evaporate an entire filling of liquid helium in several 
seconds. All but the last stage of the control circuit is 
battery-powered and shielded. The solenoid comprises 
about 30000 stack-wound turns of No. 26 Formex- 


insulated copper wire, and it proved expedient to protect 
it against accidental surges by means of a double spark 


gap. 
Cryostat 


Figure 1 represents a section through the Dewar 
system. The helium Dewar has an inside diameter of 
0.75 inch and an enlarged reservoir section at the top. 
A filling tube passing down between the inner and outer 
walls makes the entire free cross section of the Dewar 
available for the viscometer. The solenoid surrounds the 
helium Dewar and is suspended by three stainless steel 
bicycle spokes anchored to the rim of the pumping tee; 
four vertical coils attached to its bottom end serve to 
produce a rotating magnetic field which drives the rotor. 
The outer liquid nitrogen Dewar has an inside diameter 
and a depth of 5 and 48 inches, respectively ; its mouth 
is sealed by means of a Bakelite cap and a rubber mat 
so that it can be partially evacuated and then vented 
before taking a measurement in order to suppress 
ebulition of the nitrogen which would cause intolerable 
vibrations. In the present experiments, both Dewars 
were unsilvered. 

As a further measure of noise suppression, the steel 
tripod stand which supports the cryostat is suspended 
on three laminated neoprene diaphragms covering 
apertures in a closed-pressure system of large volume. 
This “pneumatic spring” made it possible to suspend 
the 1500-pound cryostat with a natural period of 6 
seconds and it reduced the amplitude of transmitted 
ground vibrations by three orders of magnitude. Suit- 
able measures were taken to ensure mechanical de- 
coupling of the 3-inch diameter vacuum pumping line. 

The helium Dewar can be removed through the top of 
the 4-inch pumping tee by removing the seating ring 
(against which it is forced when evacuated) and the 
head plate. The head plate is provided with holes for 
manometer connections and helium transfer tube, as 
well as a central aperture through which the viscometer 
proper is inserted into the helium Dewar. The diffusion 
pump is Distillation Products MB-200. 


Viscometer 


The viscometer is housed in a Plexiglass tube which 
serves as the stationary outer cylinder fitting snugly 
inside the helium Dewar and extending upward through 
the head plate. A cutaway view of the viscometer is 
shown in Fig. 2, while Fig. 3 shows a cutaway view of 
the assembled apparatus. The iron core is supported by 
means of a pivot needle emerging in a suitably located 
slot and by a pivot bar passing diametrically through 
the plexiglass tube. A second needle protruding from the 
center of the upper face of the core is used to align the 
Dewar system with respect to the free-hanging core, and 
also to clamp the core to the Dewar system, which is 
accomplished by screwing a clamping capillary against 
the needle with the aid of a long, wire screw driver. In 
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this way the accuracy of vertical adjustment can be 
checked and corrected even during a helium experiment. 
The conical tip at the bottom of the core is protected by 
a polystyrene cap which prevents accidental contact 
with the rotor. 

The soft iron rotor, 0.5 inch in diameter and 3 inches 
long, is cylindrical to within 0.0001 inch. Twelve 
roughened lines of progressively decreasing length are 
spaced uniformly around its circumference at the 
bottom edge. These lines are barely visible in ordinary 
lighting but show up clearly in a narrow, collimated 
beam, appearing white against the black, polished 
surface; they serve to time the rotation. When at rest, 
the rotor is supported by a fixed polystyrene pedestal 
which also serves as the form for the twelve-turn 
sensing coil; the latter is connected to the control 
circuit by two leads of No. 32 copper wire which pass 
upward out of the cryostat through grooves in the wall 
of the Plexiglas tube. The relative operating position of 
the various individual parts is shown in Fig. 3. 


III. EXPERIMENTAL PROCEDURE 


All measurements in liquid helium II were performed 
during the hours between midnight and 6 A.M. when the 
level of ground vibrations is minimal. The following 
procedure was carried out. After precooling the cryostat 
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Fic. 2. Cutaway view of 
the viscometer. 




















Fic. 3. Cutaway view of the 
assembled apparatus. 

















with liquid nitrogen, liquid helium was transferred into 
the helium Dewar; vertical alignment was checked, and 
the pressure above the liquid helium was gradually 
reduced. Simultaneously, the pressure in the liquid 
nitrogen Dewar was lowered to about 10 cm Hg. The 
pneumatic suspension of the cryostat was trimmed to 
balance the loss of liquid nitrogen, and the outer Dewar 
was vented to the atmosphere. Ebulition in the nitrogen 
ceased instantly, and this quiescence could be relied 
upon to persist for 40 minutes. The helium bath was 
brought to some suitable pressure below the lambda 
point, measured by means of a McLeod gauge, and was 
maintained by manually adjusting the pumping rate 
with reference to an oil manometer. The rotor was 
raised to its operating position and a driving field was 
applied until it had reached a speed of approximately 
1-2 rpm. The rotor was then permitted to coast freely, 
and after a period of several minutes (to ensure equi- 
librium motion of the fluid) its deceleration rate was 
timed by observing the reference marks moving through 
a masked, collimated light beam. At the completion of 
each revolution a Simplex time recorder was triggered 
which printed the time to the nearest 0.01 minute. After 
30 minutes the peripheral velocity had decayed ap- 
proximately from 0.1 to 0.05 cm/sec (about 1 to 0.5 
rpm). The period of quiescence of the liquid nitrogen 
thus sufficed for one good measurement. Some measure- 
ments were continued until the level of liquid helium 
had dropped below the rotor. This procedure provided a 
very convenient means of comparing the relative effects 
of liquid and gaseous helium and of discerning any 
possible bearing effect. 

As an additional check, some measurements were 
made with a smaller rotor sealed into a Pyrex capsule 
filled with air at 1 mm Hg at room temperature. In the 
very good vacuum thus achieved at helium temperature, 
no deceleration whatever could be observed; any pos- 
sible damping from the bearing was less than 0.1% 
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of the viscous damping by helium II just below the 
lambda point. 


IV. ANALYSIS OF THE EXPERIMENT 


The viscous retarding torque experienced by a 
cylindrical rotor rotating with angular velocity w inside 
a stationary outer cylinder (neglecting end effects) is 


— 
T= 


Jpe— One, (1) 


re—r? 


where r; and r2 are the radii of inner and outer cylinders 
respectively, / is the length of the rotor, and 7 is the 
viscosity of the medium. The factor in brackets, 
designated by Q, is thus a geometric constant of the 
instrument. 

If no other torque is acting on the “coasting” rotor, 
its instantaneous velocity is 


w(t) = we O94 = we F*, (2) 


where wo represents the initial angular velocity at the 
origin of time, and J is the moment of inertia of the 
rotor. This exponential decay of velocity is characteristic 
of all systems involving only masses and viscous forces ; 
the motion is finite in space though infinite in time. 

Viscosity is measured by determining experimentally 
the logarithmic decay constant 8. It is most convenient 
for this purpose to use 0, the angular displacement of the 
rotor, as the independent variable. By integrating Eq. 
(2), the motion can be described in linear form: 


w=wo— 88, (3) 


the angular displacement @ being measured with respect 
to the instant at which the initial velocity wo prevailed. 
The decay constant 8 was obtained as the negative of 
the slope of the straight line representing the experi- 
mental values of w(@). It should be noted that, unlike 
static measurements based on a direct-torque determi- 
nation, the present experiment involves no lower limit 
of speed. 

The decay constant f is the product of the viscosity 
and an instrumental constant Q/J. A calculated value 
of the latter was in satisfactory agreement with an 
average value obtained from calibration runs in several 
gases of well-known viscosity at root temperature. The 
experimental value, which takes into account end effects, 
was used for interpretation of the helium IT data. 


V. DISCUSSION OF RESULTS 


In all measurements the apparent viscosity is con- 
siderably higher than the results obtained by other 
authors suggested, and it fails to show any marked 
decrease with temperature. The viscosity indicated by 
our earliest measurements exceeded the accepted value 
by as much as a factor of five. A large part of the excess 
damping was found to be eddy-current damping caused 
by insufficient accuracy in alignment; the latter was 
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eliminated entirely by improving the apparatus, as the 
absence of any measurable damping in vacuum at liquid 
helium temperatures indicated dramatically. Also, the 
correct value of viscosity (5 micropoises) was ob- 
served in gaseous helium at 2°K, which is even less 
viscous than liquid helium II at that temperature 
(20 up). Nevertheless, even after the elimination of 
instrumental effects, the observed value of viscosity still 
exceeds the accepted value by a factor of two or more. 
The results shown in Fig. 4 are typical. Individual 
measurements show negligible scattering (0.5%), but 
variations of as much as 10% from run to run were 
common. The observed viscosity is 41 wp at 2.17°K 
(accepted value: 20 wp) and 44.4 wp at 1.97°K (ac- 
cepted value: 12 wp). The measurement at 2.17°K 
was continued until the level of liquid helium had 
dropped below the rotor, and the new slope of the curve 
indicates the accepted value® of 5 up for the viscosity of 
the vapor. 

A satisfactory explanation for these discrepancies 
exists, and it suggests why all of the oscillating-disk 
measurements showed higher viscosity values below 
1.5°K than the extrapolated static measurements of 
Hollis-Hallet indicated. 

The presence of heat currents within the liquid 
helium II bath implies a counterflow of the superfluid 
and normal components. This thermomechanical flow 
connects the various heat sources (eddy-current heating 
in the rotor itself as well as radiation heating in all other 
parts of the apparatus) with the bath surface and results 
in the removal of energy (i.e., accelerated fluid) from the 
annular space between cylinders. This energy must be 

10 2.17 °K 
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(41.049) 
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Fic. 4. The angular velocity w of the rotor as a function of its 
angular displacement @ when coasting in liquid helium at 2.17°K 
(upper curve) and 1.97°K (lower curve); the upper curve is 
continued until the liquid level has dropped below the rotor. 


6 Becker, Misenta, and Schmeissner, Phys. Rev. 93, 244 (1953). 
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supplied from the rotating cylinder. In Hollis-Hallet’s 
experiment it is supplied by the driving mechanism and 
is not sensed in the torque measurement. In our experi- 
ment, the energy supplied by the coasting cylinder must 
result in a deceleration, and is measured therefore as a 
spurious viscosity. Oscillating-disk measurements are 
also energy-sensitive, rather than torque-sensitive, and 
a similar error is to be expected. 

This effect may be treated quantitatively with the aid 
of an additional term in Eq. (1) for the retarding torque 
experienced by the cylindrical rotor: 


dE/dt 
7’ =Qnw+—_. (4) 
w 


The value of dE/di depends on an integral over the 
normal-fluid-flow field, caused by thermomechanical 
and viscous forces. In any case, it is proportional to pn, 
the heat power input, and w’. The torque term derived 
from this effect is proportional tow and is distinguishable 
from true viscous torque only by varying the heat input 
or normal fluid density. Expression (4) for the retarding 
torque may be written thus: 


1’ =(On+k)w, (5) 


from which it follows that the new logarithmic decre- 
ment consists of two terms: 


B'= (Qn/I)+ (k/J), (6) 


the first of which accounts for viscous damping, while 
the second represents the damping ascribable to 
thermomechanical flow of velocity 2,. 

We are now in a position to determine the value of »,, 
which would account for the excess damping observed at 
2.17°K (Fig. 4). We recall that the apparent viscosity of 
41 up is approximately twice the accepted value of 20 up, 
which implies that the two terms in Eq. (6) are equal. 
We first calculate k/J, using the accepted value of p, 
(0.133) at the temperature in question, and obtain: 
k/T=0.00807»,; equating this quantity to Qn/I (where 
n is the correct viscosity of 20 up), we find that the 
excess damping is accounted for by flow through the 
annular space at a velocity of only 2,=1.76X107 
cm/sec. 

If this flow of normal fluid is thermomechanical, we 
can calculate the corresponding heat-flow density using 
the well-known expression 


Q=TpSv,=6.47X 10 w/cm’, (7) 


where p represents the net density of the fluid (0.146) 
and S the entropy (0.3 cal/g-deg). 

Multiplying the heat-flow density by the cross- 
sectional area of the annular space between cylinders, 
we obtain the rate of heat input to the rotor and to the 
surrounding walls which would account for the flow in 
question and, thus, for the observed excess damping: 

Total heat input to rotor=4.62X10~* w. This value 
is quite plausible since it corresponds to about one-tenth 
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Fic. 5. The quantity 1/7S 
for liquid helium as a function 
of the absolute temperature 7 
(reference 7). 
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of the total observed heat input to all parts of the 
apparatus. 

It is now of interest to determine the effect this same 
heat input would have at the lower temperature of 
1.97°K. Equation (7) indicates that the velocity of 
thermomechanical flow is proportional to 1/7S (at 
constant heat input), and the plot of this quantity 
(based on tabulated values of S given by Squire’) 
against temperature shown in Fig. 5 indicates the varia- 
tion of the extraneous damping term with temperature. 
The extremely steep rise of this curve below 1.5°K 
might well account for the fact that oscillating-disk 
values reported in this temperature range! exceed the 
values obtained by extrapolation of the constant- 
rotation-viscometer results of Hollis-Hallet. 

At the lower temperature of 1.97°K, the extraneous 
damping term is found to be larger by a factor of 1.69; 
i.e., k1.97°/ke.17°= 1.69; the excess “viscosity” has there- 
fore increased to 20 upX1.69=33.8 wp; adding to this 
extraneous damping the true viscosity at the lower tem- 
perature, we find that the apparent viscosity indicated 
by the second curve should be : 33.8 up+12 up=45.8 yp, 
which is in good agreement with the measured value of 
44.4 up. 

It seems justifiable to conclude that the observed 
excess damping is caused by heat input to the rotor and 
to the surrounding walls, which in turn causes thermo- 
mechanical flow through the annular space surrounding 
the rotor. This heat input evidently remains quite 
constant during a run, but varies considerably from run 
to run. Observations indicate that it is caused pre- 
dominantly by eddy-current heating in the rotor and 
core caused by corrections in the magnetic field applied 
by the servomechanism to counteract mechanical noise. 
This noise can be observed continuously by an oscillo- 
scope display of the correction signal (in this respect the 
magnetic bearing serves as an excellent seismograph 
with flat frequency response); it consists primarily of 
very energetic ground vibrations of such magnitude that 
the free surface in a bottle of alcohol placed on the 
concrete laboratory floor can be seen to tremble con- 
tinuously; vibrations produced by the vacuum pumps 
are quite negligible in comparison. Noise isolation is 
inherently difficult in liquid-helium experiments since 


7C. F. Squire, Low Temperature Physics (McGraw-Hill Book 
Company, Inc., New York, 1953). 
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Fic. 6. The angular velocity w of the rotor as a function of its 
angular displacement @ when coasting in liquid helium at 2.135°K, 
showing the discontinuous change in damping at about 120 
radians/minute. 


the apparatus is mounted of necessity on the end of a 


very effective “tuning fork,” the inner envelope of the 
helium Dewar. For reasons of thermal isolation this 
envelope can only be supported by the ring seal at its 
upper extremity. The elaborate pneumatic suspension 
described above reduces the vibration level at the 
cryostat by three orders of magnitude, but this level is 
evidently still excessive. 

Since the object of the present investigation was not 
only to measure the absolute viscosity but also to 
observe the nature of nonlinear effects, a number of 
measurements were made at speeds considerably higher 
than 0.1 cm/sec, the speed above which Hollis-Hallet? 
observed departures from linear behavior. The measure- 
ment represented by the curve in Fig. 6 is typical of the 
behavior observed. Although excessive scattering pre- 
cludes a quantitative analysis, it was generally found 
that departures from the straight line representing the 
motion at low speeds do not occur below about 1 
cm/sec. When departures do occur, they take the form 
of a discontinuous increase in slope rather than a 
gradual curvature of the line. It appears as though 
liquid helium II were capable of exhibiting at least two 
distinct values of classical viscosity. This is in agreement 
with the observation reported by Hollis-Hallet* that the 
logarithmic damping of an oscillating disk (proportional 
to the product of viscosity and density) increases as the 
speed of the motion (amplitude or frequency) is in- 


8A. C. Hollis-Hallet, Proc. Roy. Soc. (London) A210, 404 
(1952). 
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creased beyond a certain point, and then saturates at 
some new value as the speed is further increased. The 
fact that this anomaly has now been observed in two 
independent static measurements which are insensitive 
to variations in effective density, the static measure- 
ments of Hollis-Hailet? and the present investigation, 
proves, as suggested by Hollis-Hallet, that it cannot be 
explained exclusively in terms of “mutual-friction” 
forces of any form, but must be caused at least in part 
by momentum transfer effects. 

Before any undetermined, nonclassical property of 
helium II is invoked, the problem of flow between two 
rotating cylinders should first be investigated within the 
framework of classical hydrodynamics. The problem was 
examined theoretically and experimentally by Taylor’ 
in 1923 who showed that stable and reproducible vortex 
patterns can be observed in water between two rotating 
cylinders. It is conceivable that an analogous, but 
microscopic, form of stable vorticity becomes significant 
in the case of helium II and accounts for some of the 
observed anomalies. 


VI. SUGGESTED MODIFICATIONS OF 
THE EXPERIMENT 


The apparatus has been perfected to the extent that 
all damping caused by the magnetic bearing has been 
eliminated. The excess damping which is still observed 
results from heat input to the rotor and to its sur- 
roundings, attributable mostly to eddy-current heating 
induced by mechanical vibrations. The next logical step 
toward improvement of the method is a systematic 
investigation of the feasibility of reducing this major 
source of heat input by two methods: (1) further reduc- 
tion of the vibration level by moving the apparatus to 
a more suitable location, and (2) substitution of a ferrite 
rotor. It was found that commercially available ferrite 
materials are not nearly homogeneous enough to permit 
adequate dynamic balance; the development of suitable 
ferrites must await a more widespread need for such 
material. 

Various other sources of heat input should also be 
investigated. The most important among these is radia- 
tion from the surroundings (the Dewars could be par- 
tially silvered) and from the light source used for the 
observation. The intensity of the light source could 
probably be reduced considerably if special optical 
provisions were made to refine the method of viewing. It 
should be emphasized, however, that radiation heating 
is still negligible compared to the effect of eddy currents. 

Should it prove impossible to reduce the heat input to 
the rotor sufficiently, our technique could still be used 
by installing the magnetic bearing in a suitable chamber 
at the top of the cryostat (above the head plate) and 
suspending the viscometer rotor from a suitable glass 
rod attached to a “dummy” iron rotor operating in this 
chamber. Clearances around this dummy rotor could be 
made sufficiently large to reduce the added viscous 
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damping to a small value, one which can be allowed for 
in interpreting the results. 

It would be considerably more profitable, however, to 
retain the present form of the apparatus. The fact that 
no mechanical connection to the rotor is required 
provides certain advantages. It would be possible, for 
instance, to seal the rotor into a pressure chamber so as 
to make measurements at pressures above the vapor- 
pressure line; measurements could also be made in He’, 
for example, by filling the chamber and sealing it at 
room temperature. 
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Note added in proof.—The question has arisen as to 
why we made no attempt to circumvent the difficulty 
of thermomechanical flow by making measurements 
above the \ point. This would have required the use of 
a double helium bath and radiation shielding to reduce 
convection flow to a tolerable level. Such extensive 
modifications of the apparatus seemed beyond the scope 
of the present work, which was intended to resolve some 
difficulties concerning the anomalous behavior of helium 
II. The viscosity of helium I has been measured satis- 
factorily by various other methods. 
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Photoconductivity in Manganese-Doped Germanium 


R. NEwMAn, H. H. Woopsury, AND W. W. TYLER 
General Electric Research Laboratory, Schenectady, New York 
(Received December 12, 1955) 


Impurity photoconduction has been observed in m- and p-type Mn-doped germanium at low temperatures. 
The spectra are consistent with the published ionization energy values determined from conductivity data 
High-resistivity n-type samples show high intrinsic photosensitivity and long response times at low tem- 
peratures. In such samples the intrinsic photocurrent could be quenched by a factor of ~10* with light in 
the 0.3 to 0.7 ev range. Intrinsic photoconductivity was found to vary more rapidly than linearly with light 


intensity over a limited range. 


INTRODUCTION 


PREVIOUS publication has described some of the 

electrical properties of Mn-doped germanium.! In 
this paper we shall describe some of the electro-optical 
properties with particular reference to photoconduc- 
tivity. In earlier papers?’ measurements of the photo- 
conductivity spectra, photoconductive yield, quenching 
of photoconductivity, and optical absorption of injected 
carriers for germanium doped with the elements Au, 
Fe, Ni, and Co have been reported. The behavior of 
Mn-doped germanium is qualitatively similar to these 
other cases. However, a number of the effects which 
were just barely measurable for the other materials 
are quite pronounced and readily measurable for Mn- 
doped germanium. For this reason a somewhat extended 
report of this work is presented. 


EXPERIMENTAL 


The method of crystal preparation has been de- 
scribed in earlier publications as have the details of the 
optical measurements.'~? 


1H. H. Woodbury and W. W. Tyler, Phys. Rev. 100, 659 (1955). 
2 R. Newman, Phys. Rev. 94, 278 (1954). 

?R. Newman and W. W. Tyler, Phys. Rev. 96, 882 (1954); 
W. W. Tyler and H. H. Woodbury, Phys. Rev. 96, 874 (1954). 
4 Tyler, Newman, and Woodbury, Phys. Rev. 97, 669 (1955). 

5 Tyler, Newman, and Woodbury, Phys. Rev. 98, 461 (1955). 
6 W. W. Tyler and R. Newman, Phys. Rev. 98, 961 (1955). 
7™R. Newman, Phys. Rev. 96, 1188 (1954). 


RESULTS AND DISCUSSION 
A. Photoconductive Spectra 


It has been found that Mn introduces two acceptor 
centers in germanium, one located 0.37 ev below the 
conduction band (upper level) and one located 0.16 ev 
above the valence band (lower level).! By suitable 
control of the ratio of ordinary donors and Mn ac- 
ceptors, samples can be prepared for which the Fermi 
level is “locked-in” at either one level or the other at 
low temperatures.' In Fig. 1 are shown typical photo- 
conductive spectra for m- and p-type samples of 
Mn-doped germanium for which the Fermi level is 
“locked-in” at the upper and lower Mn levels, respec- 
tively. These spectra can be divided into two regions in 
the usual way. At photon energies in excess of about 
0.7 ev the response is due to intrinsic photoconductivity. 
Below about 0.7 ev the response is impurity photocon- 
ductivity which presumably results from the photo- 
excitation of carriers from the Mn centers.* The shapes 
of the two curves of impurity response in Fig. 1 are 
similar to those found for other double acceptor im- 
purities. The impurity response for p-type samples 
shows a more or less flat plateau terminated at the low- 
energy side by a sharp drop in response at an energy 
approximately that found by electrical-conductivity 
methods. The m-type samples show no well-defined 
low-energy threshold but rather a monotonic decrease 
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Fic. 1. Photoconductive spectra of n- arid p-type Mn-doped 
germanium. 


in response toward lower energies terminated by a 
region of very rapidly decreasing response.* 

M. H. Hebb has suggested a possible mechanism to 
explain the difference between the shapes of the n- and 
p-type response curves. Assuming that the double- 
acceptor model of the Mn centers is correct, then the 
photoionization of a hole in p-type material will occur 
from a neutral Mn center and the photoionization of 
an electron in n-type material will occur from a doubly 
negative Mn center. In the latter case there will be a 
potential hill for electrons separating the bound state 
of the Mn and the bottom of the conduction band. 
H. Ehrenreich of this laboratory has shown, using a 
simple model for the potential, that for transitions to 
states near the bottom of the conduction band the 
transition probability increases more rapidly with 
increasing energy with the potential hill present than 
without it. This is in the direction suggested by the 
photoconductivity curves. 


B. Intrinsic Photoconductivity 


Previous work has shown that the presence of double- 
acceptor impurities in germanium controls the lifetime 
of injected carriers. Of particular interest was the fact 
that at low temperatures hole traps are produced by 


5 It is of interest to note that samples were obtained which had 
impurity response curves that seemed to result from a super- 
position of the m- and p-type response curves. These samples were 
p-type. However, for these, the estimated fraction of the lower Mn 
level occupied by electrons was close to unity. It is not certain 
whether the photoconductive spectra for these intermediate cases 
resulted from local inhomogeneities (i.e., » and m regions) too 
small to measure by probing techniques or were truly a property 
of a homogeneous crystal. 


the presence of these elements. The effect of these traps 
is most clearly shown in n-type material. The low- 
temperature trapping effects and the room-temperature 
recombination effects were shown to be explicable on 
the basis of the double-acceptor model.* 

Figure 2 shows a plot of steady-state photocurrent vs 
reciprocal temperature for a high-resistance sample 
whose dark current over the range of temperature 
shown was less than 1 wA for 1} volts applied. Curves 
for two different incident light intensities are shown. 
The curves of Fig. 2 show a region of exponential 
behavior for the photocurrent which presumably 
reflects the exponential dependence of the photocon- 
ductive time constant. The slope is roughly 0.3 ev. 

The data of Fig. 2 show a plateau at low tempera- 
tures. One can assume that in the exponential region 
that the photoconductive time constant is determined 
by some thermal activation process (e.g., evaporation 
from hole traps). In the region of the plateau this is no 
longer the limiting factor but rather the time constant 
is presumably determined by some temperature inde- 
pendent process. It is worth noting that in several low- 
resistance m-type Mn-doped crystals, curves of the 
photoconductive decay times vs reciprocal temperature 
showed a qualitative similarity to the curves of Fig. 2.° 
That is, there was shown to be an exponential region 
with a slope of about 0.3 and a plateau at low tem- 
peratures. 
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Fic. 2. Intrinsic photocurrent vs reciprocal temperature for a 
high-resistivity n-type Mn-doped crystal, hy =0.8 ev, 1.5 v applied. 
The effect is shown for two light levels. 


*W. W. Tyler and H. H. Woodbury, Bull. Am. Phys. Soc. 1 
(Series IT, No. 3), 127 (1956). 





PHOTOCONDUCTIVITY 


Figure 3 shows a log-log plot of the steady-state 
intrinsic photoconductivity for a high-resistance n-type 
Mn-doped crystal as a function of incident light inten- 
sity at a photon energy of 0.8 ev" for several tem- 
peratures. Of particular interest is the fact that regions 
are shown where the photocurrent varies with a power 
of the light intensity different from unity." For future 
use we will designate this power by a. This type of 
behavior was shown by the three n-type Mn-doped 
samples that were studied. At each of the temperatures 
for which data are given, there is a range for which 
a>1 at low light levels which goes over into a range 
for which a<1 at higher light levels. The maximum 
value of a decreases with increasing temperature, 
ranging from about 3.5 at 77°K to 1.4 at 140°K. 

In order to ascertain whether the intensity de- 
pendence was in any way an effect due to the applied 
field (e.g., injection), the photocurrent vs intensity was 
measured for a series of applied voltages ranging from 
0.1 v to 22 v. No pronounced effect was found. Although 
the photocurrent for a given light intensity was not 
strictly linear with applied voltage, particularly below 
1 volt, the different photocurrent vs light intensity 
curves for the various voltages were essentially iden- 
tical except for the voltage-dependent scaling factors. 

At several of the data points of Fig. 3 we have indi- 
cated some time-constant data. The times designated 
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Fic. 3. Intrinsic photocurrent in an n-type high-resistivity 
sample vs light flux (4y=0.8 ev) at several temperatures. 22} v 


applied. 


1 Data taken at other photon energies were equivalent. This 
particular value was chosen because the penetration depth for the 
light was about the sample thickness. 

In order to exclude geometric effects, measurements in this 
range were taken with a fixed monochromator slit width. The slit 
image was parallel to the direction of current flow and extended 
with essentially uniform brightness the entire length of the 
sample. The attenuation of the beam was achieved by interposing 
a series of neutral filters (e.g., diaphragms and/or wire mesh). In 
practice it turned out that the photocurrents were almost inde- 
pendent of the method of obtaining a given flux on the sample so 
that the technique using neutral filters was an unnecessary 
refinement. 
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Fic. 4. Intrinsic photocurrent in an n-type high-resistivity 
sample (hv=0.8 ev) as a function of illumination history (see 
text) at 77°K. 


as “on” represent the time required to reach 3 the 
ultimate photocurrent from the dark value. Those 
designated “off” represent the time required for the 
photocurrent to decay to } its steady state value. Since 
the transient response is not simply exponential, the 
times are not of themselves too significant but do 
indicate orders of magnitude. 

A measurement was also made of the intensity de- 
pendence of the impurity photoconductivity in the 
same n-type crystal from which the data of Fig. 3 were 
obtained. The measurement was made at 77°K at an 
incident photon energy of 0.60 ev. This dependence was 
almost linear over the two lowest decades of response. 
The measured slope on a log-log plot was 1.2. This is 
in contrast to the case for intrinsic photoconductivity 
where at 77°K the measured slope was about 3.5 over 
the same range of photocurrent. 

The high-resistivity -type crystals showed an inter- 
esting memory effect. Namely, the shape of the photo- 
conductivity vs time curve under constant illumination 
was a function of how long the sample had previously 
been maintained in the dark. Figure 4(a) shows the 
data of a cycle of events which shows the effect most 
clearly. The decay curves in the dark were all identical, 
independent of previous history. Figure 4(b) is a plot 
of an effective photoconductive risetime (¢;) against the 
time in the dark for a sample at 77°K. At the particular 
light level used (~2X 10~* watt, sv=0.8 ev,) the sample 
was in the range for which a>1. At higher light levels 
the memory effect was less pronounced. In the range 
for which a<1 it was not observed. 


C. Quenching of Intrinsic Photoconductivity 


In the earlier work on doping with double acceptors 
it was found that there was a correspondence between 
the existence of high intrinsic photosensitivity in n-type 
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material and the quenching of this photosensitivity by 
infrared light with photon energies somewhere in the 
extrinsic range. This quenching effect has been explained 
as follows: 

1. Intrinsic excitation produces free electrons and 
trapped holes. 

2. The recombination of the electrons and the 
trapped holes is slow so that a large electron population 
is built up. 

3. Infrared quenching light excites the holes to a 
configuration in which the recombination between the 
electrons and the excited holes is faster than as in (2). 

4. The faster recombination lowers the steady-state 
electron population and the photocurrent is quenched. 

In the n-type high-photosensitivity Mn-doped sam- 
ples a quenching effect, larger than any previously 
reported, has been found. Under a particular set of 
conditions it was possible to reduce the photocurrent 
by almost a factor of 10‘ as shown in Fig. 5. 

In making these measurements the sample is first 
illuminated with a light source termed the background 
light (a tungsten lamp in the present case) whose chief 
effect is to produce intrinsic photoconductivity. The 
total current thus produced for a particular background 
light intensity is termed the background current and is 
designated on Fig. 5 by a horizontal dashed line. By 
varying the background light flux on the sample, dif- 
ferent background currents can be achieved. Keeping 
the background light flux a constant, the sample is 
then simultaneously illuminated with monochromatic 
light of the desired wavelength and the total current 


thus produced at steady state is observed. This current 
is the ordinate of Fig. 5. If the total current under these 
conditions is less than the background current then the 
latter is said to be quenched. 

We should like to note again that the effect is inde- 
pendent of the method of producing the intrinsic photo- 
conductivity. The effect may be obtained even when all 
light incident upon the sample passes through a ger- 
manium filter kept at room temperature. This last 
observation would seem to indicate that. a true bulk 
effect is being observed and not some surface phe- 
nomenon. 

Figure 5 shows the effect of the monochromatic beam 
at several different background light values including 
one labeled “dark current” for which the all intentional 
background light was eliminated. The monochromatic 
light intensity was a constant at any given wavelength 
for all the curves. Over the range from 0.6 ev to 0.3 ev 
the power in the monochromatic beam incident on the 
sample decreased less than a factor of three which 
means an almost constant number of incident quanta 
at each wavelength over this range. No attempt has 
been made to correct the curves of Fig. 5 for this small 
variation. 

The curve marked “normal photocurrent” is the 
response curve for the sample without any intentional 
background light. It is, with appropriate normalization, 
the same as the n-type impurity response shown in 
Fig. 1. One can assume to first approximation that this 
impurity photoconductivity can be simply subtracted 
from the total current to give a current whose spectral 
dependence will more precisely reflect the quenching 
effect than will the total current. If this subtraction 
procedure is valid one finds that the quenching spec- 
trum has a peak at about 0.4 ev with a sharp low-energy 
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threshold somewhere in the range 0.30-0.35 ev and a 
slowly decreasing high-energy tail extending to energies 
higher than 0.6 ev. This can be understood in terms of 
an excitation of the hole from its trapped configuration 
to the continuum. 

In Fig. 6 are shown some log-log plots of the total 
current as a function of the flux of monochromatic 
quenching light (0.4 ev) incident on the sample at 
77°K. The effect on several background photocurrents 
is shown. On this figure we have also indicated at 
various data points some of the time constants charac- 
terizing the quenching process. 

The designation “on” in Fig. 6 refers to the time 
required for the background current to decay to half 
its initial value after the quenching light is turned on. 
The designation “off” refers to the time required for 
the background current to reach half its final value 
after the quench light is turned off. Again these times 
are only included to establish orders of magnitude. 
The curves are not of a simple exponential form. 

We shall mention only briefly some results on the 
temperature dependence of the quenching effect. In 
the 77°K to 140°K range, the spectral dependence 
remains essentially unchanged. Measurements were 
made holding the background photocurrent constant 
at the different temperatures. Under those conditions 
it was found that the quench effect at a constant 
quench light flux decreased with increasing tempera- 
ture. At the wavelength of maximum effect, typical 
factors by which the background current was reduced 
were 2X 10° at 77°K, 210° at 120°K, and 3 at 140°K. 
Thus there is a qualitative correspondence between the 
temperature dependence of the quenching efficiency and 
intrinsic photosensitivity (e.g., see Fig. 2). 


D. Injection Breakdown 


Tyler* has shown that the phenomenon of injection 
breakdown was exhibited at 77°K by n-type high 
resistivity Fe-doped germanium. He reported the ob- 
servation of one of the present authors (R. N.) that 
the breakdown could be quenched by illuminating the 
diode within the 0.3 ev-0.6 ev range. This could occur, 
however, only if the operating voltage was slightly 
greater than the minimum sustaining voltage in the 
dark. In the case of Mn-doped material this restriction 
on the operating voltage can be greatly relaxed. For 
example, for a unit which could be broken down in the 
dark at an applied voltage of ~50 volts and which 
could be maintained in the breakdown state at voltages 
greater than about one volt, it was possible to quench 
the breakdown using 0.4-ev light with an applied 
voltage as high as 15 volts. This greater voltage latitude 
presumably results from the greater efficiency for the 
quenching process in the Mn-doped germanium. 


E. Absorption Due to Injected Carriers 


We have measured the absorption spectrum of 
injected carriers in a breakdown diode of n-type 
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Mn-doped germanium. It is found to be anomalous in 
the sense used in reference 7. The curve resembled that 
of curve b, Fig. 3, in that paper. That is, instead of a 
spectrum resembling that of free holes, a more or less 
flat structureless absorption obtained. Anomalous 
behavior was ascribed in reference 7 to the presence of 
hole traps. This is consistent with the observation of 
an anomalous spectrum for Mn-doped germanium. 


CONCLUSIONS 


The impurity photoconductive spectra of Mn-doped 
germanium are similar to those found for crystals doped 
with Au, Fe, Ni, and Co and support the energy level 
scheme developed from electrical conductivity data.! 

The intrinsic photoconductivity in n-type ‘crystals 
is complex. Although it is possible to explain quali- 
tatively high photoyield, long response times, and 
quenching on the basis of the hole traps produced at 
doubly charged Mn centers, this does not appear to 
give a complete explanation. In particular it would not 
appear possible to explain the a>1 behavior and 
memory effects with this simple picture. 

A process which increases the lifetime with increase 
in the photoinjection level can give rise to an a>1. 
Rittner” has shown how this can result from a single 
recombination level model for intrinsic photoconduc- 
tivity. Rose has suggested a two-level scheme that 
could also explain it. In Rose’s model one of the levels 
would act as a recombination center, the other as a 
trapping center. To obtain an a>1 the number of 
active recombination centers is decreased as the photo- 
injection level is increased. 

Rose’s picture possibly can be applied to the present 
case. The a>1 and memory effects appear confined to 
carrier densities less than about 10"/cm* in contrast 
to the Mn concentration of about 10'5/cm’. In ger- 
manium there are usually recombination centers present 
in concentrations of the order of 10"—-10!/cm’."* Thus 
from consideration of orders of magnitude it would 
seem possible that the photoeffects that are being 
observed could involve both the added Mn and the 
unintentionally introduced recombination centers. For 
example, a specific recombination center might be a 
Ni, Co, or Fe atom. The energy of the recombination 
level for any of these (E,—E,~0.3 ev) relative to the 
equilibrium Fermi level (E;—E.=0.37 ev) would be 
proper for an application of Rose’s model. This suggests 
the possibility that double-doping experiments (e.g., 
Mn-+Niy, etc.) under proper control may provide a 
test of the applicability of Rose’s model to the present 
case and give further insight into the mechanism of 
intrinsic photoconductivity. 


#2E. S. Ritter, Atlantic City Photoconductivity Conference 
(unpublished). 

13 A. Rose, Phys. Rev. 97, 322 (1955). 
u oe Hull, Morin, and Severiens, J. Phys. Chem. 57, 853 
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Field Desorption* 


Erwin W. MULLER 
Field Emission Laboratory, The Pennsylvania State University, University Park, Pennsylvania 
(Received August 15, 1955) 


Field desorption of barium, thorium, oxygen, and some other adsorbates is studied in a field emission 
microscope with reversed polarity as a function of field strength, temperature and degree of coverage. The 
desorption occurs in the 100, 200, and 500 million volts/cm range, for the three substances, respectively. 
At the highest fields the tungsten substrate itself evaporates at room temperature. The quantitative inter- 
pretation of the measurements suggests that field desorption be considered as an evaporation of ions in 
which the energy hump is reduced by the Schottky effect. 





1, EXPERIMENTS 
A. Desorption of Barium from Tungsten 


HE emitter of a field emission microscope is most 
suitable for studying the behavior of metal sur- 
faces at extremely strong electric fields. For a negative 
point the field strength is limited to some 50 to 70 
Mv/cm, beyond which the current density of electron 
emission becomes excessively large. Much stronger 
fields, however, up to 570 Mv/cm for tungsten, can be 
applied to a positive metal surface. The drastic changes 
that occur under such extreme conditions can easily be 
observed in the electron image, when the microscope is 
operated again with a negative emitter. 

The first observations of this kind have been made 
with barium on tungsten.’* A barium film is deposited 
on the emitter tip and the average work function ¢ is 
measured from the slope of the Fowler-Nordheim char- 
acteristic, which is closely proportional to ¢* (Haefer,’ 
Miiller*). The average degree of coverage @ is then 
obtained from Becker’s® thermionically determined re- 
lation between ¢ and 6. For a given emitter, the field 
factor relating the applied voltage to the field at the tip 
apex can be calculated from the voltage at which the 
clean tungsten surface emits a certain electron current. 
One uses the theoretical current densities of the Fowler- 
Nordheim theory, as handily presented in Dolan’s® 
tables, and a reasonable assumption about the emitter 
geometry, e.g., according to Drechsler and Henkel’s’ 
method of superimposing a spherical and a hyper- 
boloidal field. 

If, for instance, a barium film with @=0.35 has been 
exposed for some seconds to a positive field of 90 Mv/cm 
at room temperature, one does not notice any change in 
the field emission pattern. However, after an exposure 
to 92 Mv/cm, the barium film is stripped off the 011 
vicinity. The stripped area extends more and more as 


* This research was supported by the U. S. Air Force, through 
the Office of Scientific Research of the Air Research and Develop- 
ment Command. 

1E. W. Miiller, Naturwiss. 29, 533 (1941). 

2E. W. Miiller, Ergeb. exak. Naturw. 27, 290 (1953). 

3R. H. Haefer, Z. Physik 116, 604 (1940). 

4E. W. Miller, J. Appl. Phys. 26, 732 (1955). 

5 J. A. Becker, Trans. Faraday Soc. 28, 149 (1932). 

®W. Dolan, Phys. Rev. 91, 510 (1953). 

™M. Drechsler and E. Henkel, Z. angew. Phys. 6, 341 (1954). 


the field is increased. After an exposure to 110 Mv/cm 
the barium film remains only in the 111 and 001 region, 
at 125 Mv/cm field desorption occurs also at 111, and 
at about 150 Mv/cm the desorption is completed over 
the entire emitter cap, except for the shank where the 
field is much weaker. A similar sequence is shown in 
Figs. 1(a)-1(d). Figure 2 gives the desorption field that 
is required in the vicinity of 011 as a function of degree 
of coverage and with the temperature as parameter. 
At room temperature the desorption field at other 
crystallographic planes is much higher. However, at 
elevated temperatures, as soon as surface migration 
sets in, the whole film is torn off in the instant when 
field desorption starts around 011. No measured points 
are given in Fig. 2, since for one tip they do not scatter 
by more than 2% in the field strength. The absolute 
values of field strength are uncertain by about 15% 
because of present limitations in the determination of 
tip geometry.® 

The data in Fig. 2 have been taken with the desorp- 
tion field applied for about 3 seconds. If the exposure 
is extended to 300 sec, the fields required at room tem- 
perature are about 2% lower. On the other hand, with 
single microsecond pulses, the desorption field is about - 
5% higher, as measured by a Tektronix cathode-ray — 
oscilloscope. 


B. Desorption of Thorium from Tungsten 


Field desorption of thorium from tungsten® requires 
much stronger fields. (See Fig. 3.) It begins in the 
vicinity of 011 at 235 Mv/cm, if the tip is at room tem- 
perature and the degree of coverage is small. The in- 
crease of the desorption field with @ is less than in the 
case of barium. When surface migration is possible, 
above 800°K, the entire thorium film desorbs. In the 
low-temperature range, other crystal planes, particu- 
larly 111 and 116, require much higher fields. If one 
starts with 6=0.85, the thorium film remains as single 
islands on these planes after an exposure to about 
350 Mv/cm. By careful adjustment of the field one can 
produce just two islands on the 111 planes alone, each 


8 W. P. Dyke and J. K. Trolan, Phys. Rev. 89, 799 (1953). 
*D. W. Feldman, Master’s thesis, Physics Department, Penn- 
sylvania State University, 1954 (unpublished). 
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having a diameter of only 100 A, and a work function 
of 3.0 ev, while the surrounding bare tungsten surface 
has about 4.5-ev work function. Field electron emission 
of such an emitter comes predominantly from the 111 
spots, and dc current densities beyond 10° amp/cm? 
can be obtained easily before the thorium film spreads 
out by heat effects or space charge limits the current 
density. 


C. Desorption of Oxygen and Some Other 
Adsorbates from Tungsten 


Field desorption is not restricted to electropositive 
adsorption layers. Exploratory experiments have been 
made with oxygen.” A practically saturated film as 
obtained by admitting 10-* mm O, for some minutes 
shows a slightly grainy structure due to irregular ad- 
sorption of molecular oxygen on top of the chemisorbed 
layer in direct contact with the substrate. The effective 
over-all work function of such a surface is 6.6 ev. Only 
after at least 310 Mv/cm have been applied, a slight 
decrease by one-tenth of an ev indicates the onset of 
desorption. The grainy structure of the second layer 
disappears above 420 Mv/cm. The chemisorbed layer 
in close contact with the surface is removed from the 
011 vicinity at 480 Mv/cm, and only at 500 Mv/cm is 
the desorption almost completed. However, as will be 
discussed later, under this extreme condition the field 
evaporation of the tungsten substrate itself becomes 
noticeable. In a second experiment the oxygen covered 
emitter was initially heated to 1300°K in order to 
remove the second adsorption layer from the whole 
emitter structure. The remaining chemisorbed film was 
then desorbed from the cap by applying 500 Mv/cm at 
room temperature. Afterwards, by gradual heating of 
the tip without an applied field one can allow the 
oxygen which still covers the shank of the emitter to 
migrate towards its apex. At temperatures between 
510 and 780°K, diffusion times from 660 to 7 sec were 
required for redistributing the oxygen over the whole 
cap. This corresponds to a heat of activation of 0.61 ev 
for the surface migration of chemisorbed oxygen on 
tungsten. Gomer" found about twice as much for the 
heat of activation when a previously clean tungsten 
surface was covered with oxygen. This discrepancy 
suggests that in the present experiments field desorption 
of oxygen was not complete. Probably some oxygen 
atoms remained on the more recessed sites with larger 
binding energy, and the subsequent migration occurred 
over the lower energy barriers which separate the more 
shallow adsorption sites. 

Very preliminary experiments were made with field 
desorption of Li, Na, Te, Ne, and phthalocyanine 
molecules” from a tungsten surface. The alkali metals 
are easy to desorb with fields in the 60 to 80 Mv/cm 

0 E, W. Miiller, Z. Elektrochem. 59, 372 (1955). 

4 R. Gomer and R. Wortman, J. Chem. Phys. 23, 1741 (1955), 


and private communication. 
2 E. W. Miiller, Z. Naturforsch. 5a, 473 (1950). 


Fic. 1. (a) Field emis- 
sion microscope pattern 
of a tungsten tip covered 
with barium, @=0.20. 
Dark plane in center is 
011, the four slightly 
smaller dark areas 
around are the 112 ) 
planes. The fine dark 
spots in the vertical 
axis below and above 
the center are the cube 
planes. (b) Same pattern 
after 88 Mv/cm positive 
field has been applied 
for 3 sec. Barium is de- 
sorbed in the vicinity of 
011. (c) After an ex- 
posure to 115 Mv/cm, 
barium remains only on 
111 and around the cube 
planes. (d) After appli- 
cation of 150 Mv/cm 
the bare tungsten sur- 
face shows up. Only at 
the rim of the pattern is 
some barium left over, 
because of the lower field 
at the shank of the 
emitter tip. 


range. However, the data are not very reproducible 
because of the almost inevitable contaminations with 
gaseous matter. Te and N» were chosen as substances 
that might undergo a change from the state of physical 
adsorption to chemisorption by the influence of the 
high field, before desorption takes place. However, this 
effect, which has been proposed by Kirchner,” could 
not be detected. Field desorption of a Te film begins at 
about 280 Mv/cm, while Nz requires 350 Mv/cm for 


3 F. Kirchner, Naturwiss. 41, 136 (1954). 
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Fic. 2. Field 
strength for de- 
sorption of a bar- 
ium film from the 
vicinity of the 011 
plane of tungsten, 
as a function of 
degree of coverage 
(@=1 defined as a 
film with minimum 
work function), and 
with the tempera- 
ture of the’tungsten 
surface as param- 
eter. 
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removal of the second layer, and probably 500 Mv/cm 


for the chemisorbed film, which is not so clearly visible 
as the oxygen film. The quadruplet patterns of phthalo- 
cyanine molecules were found to disappear at about 
150 Mv/cm. For these exploratory observations the 
ac method' was found to be convenient. The field 
emission microscope is operated on 60-cycle ac high 
voltage, which is slowly increased during observation. 
The positive phase produces the high field of desorption, 
while in the negative phase the electron image of the 
surface appears on the screen. The electron peak current 
can be kept at any desired value by limiting the negative 
voltage peak at the tube by a resistor or by dc bias. 
Moving pictures for detailed studies of field desorption 
progressing over the different crystal planes have been 
obtained this way. 

It may be noted that no experiments have yet been 
made to establish that all the desorbed particles actually 
come off as positive ions. However, from the interpreta- 
tion given in the second part of the paper this is highly 
probable. With the usual small tip radii, the desorption 
of a monolayer yields only a current pulse of some 
10-* coulomb. An extremely small continuous ion 
current can be obtained for some minutes when the 
emitter is heated, so that ions torn off near the apex 
are being replaced by surface migration of atoms from 
the shank. 


D. Field Evaporation of Tungsten 


The question arises as to what might be the highest 
field strength a bare tungsten surface can stand. One 


calculates easily? that the mechanical force per unit 
area of the field K = F?/8z is large enough to stress the 
hemispherical emitter point up to the technical tensile 
strength of 575000 lb/square inch at a field of 300 
Mv/cm. Fortunately, the tip consists actually of a 
quite perfect single crystal, so that more than 510 
Mv/cm could be applied at room temperature without 
rupture, and 570 Mv/cm, corresponding to a stress of 
2 million lb/square inch, at the temperature of liquid 
hydrogen. However, at such fields the surface dissolves 
quite rapidly. The present experiments are not yet very 
accurate since the removal of a surface layer of tungsten 
from its own lattice does not show up so clearly as the 
desorption of a barium or a thorium film. So far, two 
different kinds of experiments of a merely exploratory 
nature have been made. In the first one a clean tungsten 
tip of, for instance, 700 A radius was exposed for 10 
minutes to a voltage of 25 kv at room temperature. 
This increased the tip radius to 780 A. With reasonable 
assumptions about the tip shape, which have proved 
to be applicable to the study of surface migration of 
tungsten on its own lattice, one can conclude that the 
field evaporation was somewhere between 1.7 and 
4X10" atoms per sec per cm? at an average field of 
500 Mv/cm. A similar experiment with the tip heated 
to 900°K gave a rate of 5X10" atoms per sec per cm’? 
at an average field of 400 Mv/cm. 

A more accurate determination of the evaporation 
rate can be made with a helium-operated field ion 
microscope.!5.!6 The individual lattice steps around the 
011 and 012 planes begin to decrease in diameter when 
the field is raised sufficiently. The edges of the planes 
move in concentric, almost elliptic polygons and in 
slightly discontinuous steps towards the center, where 
they collapse. For one typical experiment the data are 
as follows: Field electron emission of 10~* amp at 1110 
volts, 10-* amp at 1650 volts, corresponding to a tip 
radius of 510 A and a field factor F/V = 28 000 cm. In 
the field ion microscope the rings collapse in the center 
of 011 with a rate of 0.1 per second at 17 700 volts, 
1 per second at 18 000 volts and 5 per second at 18 200 
volts. With the assumption of a homogeneous field 
evaporation over the entire cap, one can say that one 
surface layer is removed each time one ring collapses. 
The measured desorption time is then 10 sec at 498 
Mv/cm, 1 sec at 505 Mv/cm and } sec at 510 Mv/cm. 
These data show that the lifetime of a tip at fields above 
500 Mv/cm is quite short, for instance when used as an 
ion source. This kind of field evaporation can be used 
in field ion microscopy to clean and smooth an emitter 
surface without the application of heat. This is par- 
ticularly valuable if one wants to produce extremely 
fine tips with radii in the 100 to 500 A range. Such tips, 
easily made by proper etching methods, by cathode 


4 E. W. Miiller, Z. Physik 126, 642 (1949). 

18 FE, W. Miller, Z. Physik 136, 131 (1951). 

1¢E. W. Miiller and K. Bahadur, following paper [Phys. Rev. 
101, 624 (1956)]. 
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sputtering!’ or oxide evaporation,'* cannot be cleaned 
by heating, since surface migration would increase the 
radius considerably before the contaminations were 
evaporated. The geometrical shape of emitters that 
were exposed to field evaporation is quite different from 
the dynamic equilibrium form obtained by annealing 
the tip without an applied field. The edges of 011 and 
112 net planes form very regular and smooth ellipses. 
A more detailed study of the topography of such 
surfaces as obtained from observations with a helium- 
ion microscope at low temperatures!® shall be given in 
two forthcoming papers. 


2. INTERPRETATION OF FIELD DESORPTION 
EXPERIMENTS 


Barium on tungsten has been chosen for the first 
experiments because this adsorption system is relatively 
well-known from thermionic experiments. De Boer” has 
suggested that at low degrees of coverage barium is 
adsorbed in the form of doubly charged ions and is 
bound mainly by the image force. Although this picture, 
which gives satisfactory values for the binding energy, 
might not be entirely correct at the conditions pre- 
vailing in thermionic experiments, we assume that at 
the instant of field desorption barium does come off as 
a doubly charged ion. It is then possible that one metal 
electron tunnels into the ion after it has moved to 
some A units away from the surface, so that mass 


spectroscopical analysis would indicate only singly 
charged ions. We calculate the binding energy Qo of 
the ion by the thermionic cycle”! 


Qo=A+ Vr—2¢, (1) 


where A is the heat of evaporation of the atom, V; the 
ionization energy and @ the work function of the 
tungsten substrate. A for @ almost zero is not well 
known. While Dobretznow and Morozow” find, under 
not too good vacuum conditions, the heat of evaporation 
of barium atoms from tungsten to be 6.5 ev, Moore 
and Allison* give A= 3.7 ev for @>0.3 and note a poor 
fit already between 0=0.2 and 0.3. Lacking more 
reliable data, the following calculations are made with 
the median of the two figures, A=5.1 ev. The energy 
for double ionization of Ba is Vr=15.2 ev. The work 
function at the edge of the 011 plane of tungsten, where 
the desorption data of Fig. 2 were taken, may be esti- 
mated to ¢=5.0 ev.‘ This results in the binding energy 
Qo= 10.3 ev. Since the large mass of the ion excludes 
wave-mechanical tunneling, we consider field desorption 

17E. W. Miiller, Z. Physik 106, 132 (1937). 

18 E, W. Miiller, Z. Physik 108, 668 (1938). 

9 E. W. Miiller, Z. Naturforsch. lla, 89 (1956); J. Appl. Phys. 
27, 474 (1956). 

% J. H. de Boer, Electron Emission and Adsorption Phenomena 
(Cambridge University Press, Cambridge, 1935). 

21. P. Smith, Phys. Rev. 35, 381 (1930). 

2 L. M. Dobretzow and G. A. Morozow, Physik. Z. Sowjetunion 
9, 352 (1936). 
( % 3} E. Moore and H. W. Allison, J. Chem. Phys. 23, 1609 

1955). 


Fic. 3. (a) Field emis- 
sion microscope pattern 
of a tungsten tip covered 
with thorium, 0=0.66. 
Crystallographic orien- 
tation of the tip same as 
in Fig. 1. (b) Thorium 
desorbed from the vicin- 
ity of 011 by a positive 
field of 272 Mv/cm. 
(c) Thorium desorbed 
by a field of 314 Mv/cm. 
(d) After exposure to a 
field of 338 Mv/cm. 
Thorium film remains 
on triangular shaped 111 
planes, on the 116 planes 
and around the cube (€) 
planes. 


simply as an evaporation over an energy hump Q which 
is reduced by the Schottky effect. 


Q=Qo— (n*e*F)}, (2) 


where ne is the charge of the ion. The time required to 
overcome an energy hump ( by thermal agitation is 


r= reek? (3) 


to being the vibration time of the adsorbed particle, 
assumed to be in all our considerations 10-" sec. The 
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desorption field is then 
Fr=n~*e(Qo—kT In(7/70) F. (4) 


This formula describes very well the observed desorp- 
tion fields for small @ including the dependence upon 
temperature and time. The measurements in Fig. 2 
have been taken with the field applied for r=3 sec. 
Equation (4) gives then Ft=78 Mv/cm at 300°K and 
F*+=44 Mv/cm at 1200°K. For evaporation times of 
7= 300 sec and r= 10~ sec, one finds at room tempera- 
ture the desorption field F*300 sc=76.5 Mv/cm and 
F*10-* sec= 85 Mv/cm, respectively. Kirchner and Kirch- 
ner™ apply also an image force consideration to the 
previously published experimental data of the present 
author,” assuming singly charged barium ions. However, 
this would require the heat of evaporation of the 
neutral atom to be A= 1.6 ev only. 

The close numerical fit of Eq. (4) when applied to 
barium might be partly accidental, since one cannot 
expect such a good agreement for the absolute values 
of field strength from the simple image-force model. 
This becomes more evident in the case of thorium, 
where the fields are about three times higher. The 
binding energy Qo is less accurately known. Although 
A=7.7 ev® might be correct, no data have been found 
in the literature for the ionization energy. If we assume 
the not entirely impossible value of V;=5.0 ev, we 
obtain Qo=6.7 ev for adsorption of a single charged Th 
ion on the 011 plane of tungsten, where ¢ is 6.0 ev.‘ 
This makes F+= 243 Mv/cm at room temperature and 
F*+=100 Mv/cm at T= 1090°K, which is again in very 
good agreement with the measurements as shown in 
Fig. 4. If one takes ¢=5.0 ev for the work function of 
the vicinity of the 011 plane, the calculated desorption 
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Fic. 4. Field strength for desorption of a thorium film from the 
vicinity of the 011 ap of tungsten, as a function of degree of 
coverage and with the temperature as parameter. 


* F. Kirchner und H. Kirchner, Z. Naturforsch. 10a, 394 (1955). 
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field is 1.38 times higher. This may still be considered 
as good an agreement as can be expected from the 
simple image force model. The time dependence has 
been measured by Feldman for two temperatures 
(Fig. 5). The points check with the theoretical curve as 
calculated from Eq. (4). The trailing off at r>200 sec 
may be due to surface migration. 

The data of Figs. 2 and 4 have been taken for desorp- 
tion from the vicinity of 011, where closely packed 011 
planes form wide terraces. At the other planes the 
desorption fields are considerably higher, in the same 
sequence 011, 112, 001, 111, and 116 in which the work 
function decreases.‘ Calculating Qo with ¢::16=4.30 ev 
from the thermionic cycle gives F+i:6=390 Mv/cm at 
room temperature, while F*= 350 Mv/cm was actually 
measured. The above sequence of the crystal planes is 
also the one of less and less closely packed surface atoms, 
and the image force model should not hold too well 
here because of the poor definition of the mirror plane. 
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Fic. 5. Desorption 
of thorium from the 
011 vicinity of tung- 
sten. The required 
field is calculated 
from Eq. (4) as 
a function of time 
(logrsec) for two tem- 
peratures. The cir- 
cles give experimen- 
tal field strengths as 
measured by Feld- 
man. 
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At a given crystal plane the desorption field increases 
also with the degree of coverage @ (for thorium only as 
long as @<0.7). The applied field must additionally 
balance the opposite field which is produced at the ion 
under consideration by its neighbors. The neighboring 
ions with their images form dipoles, the field of which 
can be easily computed by summing up the contribu- 
tions of a square array of dipoles with moments wu and 
a lattice constant a#-4. 


Faip=9.05u04/a'. (5) 


The dipole moment yu of a single adsorbed particle as a 
function of @ can be found from the experimental 
determination of the corresponding decrease of therm- 
ionic work function Ad. Measurements of Becker® and 
others” can be approximated by the empirical formula 


Ad = Be}, (6) 


with B=2.9 ev for barium and 1.9 ev for thorium on 
tungsten (@<0.7). A sheet of @a~* dipoles per cm? 
reduces the work function by 


Ad= 2rpeba~. (7) 





FIELD DESORPTION 


Only one-half of the dipole moment effective in pro- 
ducing the dipole field contributes to Ag. This gives the 
desorption field as a function of 6: 


9.05.Be*!4 
F+= Ft9io+——_. (8) 
2rae 


The number of barium or thorium atoms per cm? at 
minimum work function (@= 1) is not known accurately. 
We assume in both cases N=a~*=2.5X10" per cm’, 
which makes the calculated desorption fields 


F+p,.= 78+66654 Mv/cm, 
Ftqy= 2434-4305 Mv/cm 


match perfectly with the 300°K curves in Figs. 2 and 4 
up to @=0.7. An interpretation of the experimental 
curves at larger coverages and at higher temperatures 
would require a more elaborate discussion involving 
consideration of the polarizability and the surface 
migration of the adsorbates. 

While there is no doubt that field desorption of 
electropositive particles can be described properly as 
evaporation over the image force hump, field desorption 
of adsorbates with a high ionization potential V7 is 
probably determined by the necessity of lifting the 
ground level of the adsorbed atom above the Fermi 
level. 


Vi—o=xF+e/4x. (9) 


The last term takes care of the electron and the ion 
image contribution to the potential. Eliminating x by 
finding the minimum potential on the right side of 
Eq. (9) gives under neglection of temperature effects 
the desorption field 


F+= (V;—@)*/300e v/cm. (10) 


With V;= 13.6 volts for oxygen and a work function of 
o=5.0 ev for the edge of the 011 plane, where the 
observation was made, one obtains Fot=513 Mv/cm. 
However, it is felt that in the 500 Mv/cm range, the 
simple image-force model can be applied only very 
cautiously, and the good agreement with the experi- 
ments may be largely accidental. A more detailed 
consideration would have to take into account at least 
the fact that the ground level of the adsorbed atom is 
broadened by the proximity of the substrate metal, and 
that the “electronic surface” which produces the mirror 
image is slightly pushed into the interior of the metal 
by the high positive field. One can estimate that a frac- 
tion of the first atom layer of thickness Ax=dF/4rNe 
must be depleted of electrons in order to produce the 
surface charge (V=number of atoms/cm’, d= thickness 
of first atom layer). On a 011 tungsten plane at 500 
Mv/cm the electronic surface is recessed by 0.54 A. 
Lacking a better method we finally apply Eq. (4) 
tentatively to field desorption of tungsten from its own 
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Fic. 6. Calculated field strengths which have to be applied for 
7 sec to evaporate one monolayer of tungsten from a tungsten 
surface. The circles represent measurements at room temperature, 
at liquid hydrogen temperature, and at 900°K, respectively. 


lattice. With A=8.78 ev’® and V;=7.98 ev’ we obtain 
Qo= 10.76 ev, and the field for desorbing one mono- 
layer within one second at room temperature becomes 
F,+=693 Mv/cm. This is about 1.38 times higher than 
the observed field, and the explanation lies probably in 
the inadequacy of the image force model at these 
extremely high fields. One might also assume that the 
charge of the ion at the instant of passing the hump is 
slightly larger than one. At the very close distance to 
the surface the ion might still share one electron with 
the substrate. An effective charge of 1.1e¢ would be 
sufficient to match the experimental data (which might 
be wrong themselves by 20% on account of the very 
small tip radii used here) with Eq. (4), if Qo remains 
unchanged. This assumption has been tentatively made 
for the calculation of the time and temperature de- 
pendence of F,* in Fig. 6 in order to check the few 
experimental points with the proposed mechanism of 
field evaporation. The temperature dependence is so 
large that the lifetime of a tip at 500 Mv/cm is ex- 
tremely short when the temperature is raised by only 
a few hundred degrees. An accurate check at 900°K is 
difficult because the tip builds up sharp edges by sur- 
face migration, so that the actual field is not well 
known any more. 

Concluding, we can say that an interpretation of 
field desorption as evaporation of ions under considera- 
tion of the Schottky effect describes the experimental 
facts well enough to justify an application of this 

26 Landolt-Birnstein Physikalisch-Chemische Tabellen seas 


Julius Springer, Berlin, 1936), fifth edition, Vol. 3, p. 271 
27 W. Finkelnburg und W. Humbach, Naturwiss. 42, 35 (1935), 
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method for predicting yields of field desorption ion 
sources, to compute binding energies on individual 
crystal planes from measured desorption fields and to 
prepare the operation of a microsecond pulsed ion 
desorption microscope promising sufficient resolution to 
resolve the lattice structure of the emitting surface. 
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The mechanism of field emission of positive ions is considered as depending upon the supply of molecules 
and their ionization probability in a field up to 500 million volts/cm. Experimental current-field charac- 
teristics match the theoretical curves. The velocity distribution, measured in a retarding potential tube, 
shows that the ions originate some 5 to 100 A above the surface, depending upon the field. A simple mass 
spectrometer is described which uses the field emitter as a point ion source. The resolution of the field ion 
microscope is found to depend upon tip radius, polarizability and ionization potential of the gas, and possibly 
upon the accommodation coefficient and the temperature. Helium seems to give the best resolution of 
about 4 A. The possibility of operating a field desorption microscope with sufficient resolution to show the 


lattice structure of the surface is discussed. 


1. INTRODUCTION 


SUFFICIENTLY strong electric field applied to 

a metal surface in such a direction as to make the 
metal positive gives an emission of positive ions. If the 
ions originate in an adsorbed layer or are provided by 
the emitter material itself, the ion source will be weak 
and rapidly exhausted.! A steady ion current up to the 
microampere range can be obtained when the matter to 
be ionized is supplied from the gaseous phase. This kind 
of emission was first used in the field ion microscope, 
which is a conventional field emission microscope® 
operated with reversed polarity and filled with a gas 
at a pressure of several microns. The field ion microscope 
promises to become a useful tool for the study of the 
structure and behavior of metal surfaces on an atomic 
scale.‘ However, so far only a few experiments with 
gases, other than the originally proposed hydrogen and 
helium, have been reported,® as well as the application 
of the hydrogen-ion microscope for the visualization of 
surface structures that were interpreted to be screw 
dislocations.* A suggestion about the mechanism of 


* This research was supported by the U. S. Air Force through 
the Office of Scientific Research of the Air Research and Develop- 
ment Command. 

¢ On leave of absence from National Physical Laboratory of 


India, New Delhi. 
1E. W. Miiller, preceding paper [Phys Rev. 102, 618 (1956) ]. 
2E. W. Miller, Z. Physik 136, 131 (1951). 
7E. W. Miller, Z. Physik 106, 1 (1937). 
‘E. W. Miller, Ergeb. exak. Naturw. 27, 290 (1953). 
5M. Drechsler and G. Pankow, Proceedings of the Conference 
on Electron Microscopy, London, 1955. 
( sd ~-aemeasi Pankow, and Vanselow, Z. physik. Chem. 4, 249 
1955). 


field desorption has been made by Kirchner.’ An im- 
portant advance was made by Inghram and Gomer*® 
when they introduced mass spectroscopical analysis of 
the field ions. Most of the results of the present paper 
were reported a year ago by one of the authors,’ and a 
brief account of the subject is given in the Encyclopedia 
of Physics.” 


2. THE SUPPLY FUNCTION FOR A POINT EMITTER 


The ion current is the product of the number of gas 
molecules arriving at the emitter per unit of time, 
which we may call the supply function Z, and the 
efficiency of surface ionization. The number of mole- 
cules Z striking the tip is largely determined by the 
attraction of the molecules through the dipoles induced 
by the inhomogeneous field. We define a sphere of 
capture with radius r, extending as far as the point 
where the dipole attraction is larger than or equal to 
the centrifugal force of a tangentially approaching 
molecule of polarizability a: 


—aFdF/dr=mv*/r,. (1) 


We set mv?/2= kT and describe the field in the neighbor- 
hood of the tip by the semiempirical formula 


F=7.75Vr¢8/r8, (2) 


7F. Kirchner, Naturwiss. 41, 136 (1954). 
*M. Inghram and R. Gomer, ‘J. Chem. Phys. 22, 1279 (1954). 
*E. W. Miiller, Field Emission Symposium, Pittsburgh, 1954 
—— 
H. Good, Jr., and E. W. Miiller, review article on “Field 
Eminion” Encyclopedia of Physics (new edition of Handbuch der 
Physik, Verlag Julius Springer, Berlin, to be published), Vol. 21. 
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where V is the voltage applied between the tip and a 
distant negative electrode (e.g., the screen in the field 
ion microscope), ro the tip radius in cm, F the field in 
esu/cm. This gives 


re= 4a! 8V2/4y(}!2/f8/8T3'8, (3) 


Assuming that outside the sphere of capture the 
molecules move as in an ordinary gas of pressure p, we 
obtain immediately the supply function Z, which equals 
the number of gas molecules striking the surface of the 
sphere of capture per unit of time. The fact that the 
tip is not a freely suspended sphere but resembles 
something between a hyperboloid and a sphere on a 
cone is neglected here, but not in Eq. (2). 


rm p 
(2emkT)¥2 
80 pa®!*V 8/27, 


mu2psiAT sis 


(4) 


(5) 


If all molecules striking the tip were ionized, the 
field ion current would be obtained by multiplying Z by 
the ion charge e. The result is in good agreement with 
the measured characteristics if we consider the high 
field range, where the ionization efficiency is unity. The 
log versus F characteristics in Fig. 1 have been taken 
at room temperature in two field ion microscopes with 
tip radii of 450 A and 1000 A. The current was found 
to be proportional to the pressure, which was varied 
from 0.1u to about 6y and in the case of helium up to 
25u. The currents in Fig. 1 are about 5 to 8 times 
larger than expected. This might be partly due to the 
imperfection of the theoretical treatment, but at least 
a factor of 3 should be ascribed to the presence of 
secondary electrons in the measured current. It is 
planned to eliminate the secondaries by using a special 
ion collector with a suppressor grid. For a given field 
at the tip surface, V*? is proportional to ro, according 
to Eq. (2); so that the ion current in the high-field 
region should be proportional to ro’ according to 
Eq. (5). Actually, the measured total currents depend 
on about the third power of tip radius. This is partly 
due to a larger fraction of secondary electrons at the 
higher voltages that are required to produce the same 
field for larger tip radii. For our calculations below, 
we have used the empirical formula y=4X10~V for 
argon and 2X10~V for helium (V in volts) for the 
number of secondary electrons released by one ion. 


3. EFFICIENCY OF FIELD IONIZATION AT A SURFACE 


The shape of the ion current versus field strength 
characteristic at lower fields is mainly determined by 
the efficiency of surface ionization. In the high-field 
region, the potential wall surrounding the molecule is 
so narrow at the side towards the tip that electrons may 
tunnel out at a distance up to the order of ro above the 
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measured in two field ion microscope tubes, with different tip 
radii. Gas pressure 1 micron. 


tip surface. However, at a slightly smaller field, auto- 
ionization in space will be negligible. When the mole- 
cule approaches the surface of the tip very closely, the 
image potential provides an additional reduction of the 
potential wall. A numerical computation was carried 
out to determine the probability P that an electron 
tunnels while the atom approaches from a distance / to 
l—1 A with a speed determined by the attraction of the 
induced dipole. The efficiency of ionization will then be 
JSc*Pdl. The potential effective on the electron at a 
distance x from the surface and along a line perpendicu- 
lar to the surface and through the ion is assumed to be 


e e e 
V(x)=— | 0d pare =; (6) 
|l—x|—a 4x 1+x—a 
where the first term represents the potential funnel of 
the ion (a is the ion radius) and the second one the 
external field; the third term is the image potential of 
the electron, and the fourth term describes the repulsion 
of the electron by the image of the ion in the metal. 
The wave mechanical penetration probability of the 
potential barrier, simplified to a linear problem, can 


be written as 
(8em)! p* 
D()= exp ~- . f 


evi 
x(vi@)-Fi+V:-=) axl (7) 
4l 
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Fic. 2. Logarithm of probability P for an argon atom (a) and 
for a helium atom (b) to be ionized while traveling from / to 
l—1 A toward the tip surface with a velocity determined by the 
dipole attraction. 


where V; is the ionization potential. D(/) was calcu- 
lated by graphical integration. The transition from the 
linear problem to the actual spatial penetration proba- 
bility can be achieved, making a rather crude approxi- 
mation, by assuming the corresponding integral through 
the potential at angle y with the normal to be propor- 
tional to 1/cosy. Then averaging over ¢ (only small 
angles are important) gives 


A()=—DD)/nD(i) (8) 


for the whole transparency of the potential hump. The 
ionization probability P is finally obtained by multi- 
plying A(/) by the frequency » with which an electron 
strikes the inner wall of the potential funnel (y=1.5 
X 10'* sec for argon and 2.4X10'* sec for helium; 
these numbers are found from the Bohr orbit picture 
using Finkelnburg’s" values for the effective nuclear 


4 W. Finkelnburg, Atomic Physics (McGraw-Hill Book Com- 
pany, Inc., New York, 1950), p. 172. 


charge) and by the transit time m'/Foa! required for the 
molecule to move through the distance of one A in 
approaching with the radial velocity determined by the 
dipole attraction only. 

The result of this computation is presented in 
Figs. 2(a) and 2(b). The ionization probability curve of 
the approaching atom ends suddenly at a certain 
minimum distance /min from the surface when the 
ground level sinks below the Fermi level inside the 
metal; past this point an electron can no longer find an 
unoccupied level. The ion current produced by the 
atoms during their approach to the tip is then obtained 
by integrating the probability P from /min to infinity 
and multiplying it by the ion charge and the supply 
function. 

The actual ion current is larger because the molecules 
that have not been ionized while approaching will be 
reflected from the surface and pass in the reverse direc- 
tion through the zone of high ionization probability 
close to the surface and beyond the Fermi level barrier. 
This time the ionization probability will be larger than 
while approaching the tip. While the approaching 
molecule moves almost perpendicularly to the surface, 
as long as the dipole attraction energy component $aF? 
is essentially larger than kT, the reflected molecule may 
have any random direction and a lower average velocity 
corresponding more or less to the tip temperature, 
depending on the accommodation coefficient of the gas- 
surface combination. On the average the reflected 
molecule will therefore stay much longer in the zone 
of high ionization probability. Assuming a small accom- 
modation coefficient and random reflection, one finds 
the average normal rebound velocity to be half the 
incident velocity. Therefore the total ion current will be 


I+=3eZ Pal. (9) 
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computed from Eq. (9) for one micron gas pressure and 1000 A 
tip radius, in comparison with experimental curves (solid line). 
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The total currents actually measured in a field ion 
microscope (Fig. 1) are expected to be larger by a 
factor y+1 due to y secondary electrons released by 
each ion at the screen and the other negative electrodes. 
The integral in Eq. (9) has been evaluated numerically 
for argon and helium, using the field distribution of 
Eq. (2). The result, given as theoretical ion current 
versus field strength characteristic in Fig. 3, agrees well 
enough with the experimental curves in Fig. 1 to sup- 
port our ionization mechanism. A too close agreement 
cannot be expected, not only because of the present 
uncertainties in field determination and the effect of 
secondary electrons, but also because the calculations 
are sensitive to the rather crude assumption for the 
shape of the potential funnel in Eq. (6). 

There is no sharply defined minimum field strength 
for field ion emission. For different gases one finds 
experimentally (Fig. 1) the field for the onset of the 
current to be closely proportional to the $ power of the 
ionization potential. This further confirms our mecha- 
nism, since approximating the integrand of Eq. (7) by 
a right angle triangle with altitude V; and with the 
slope of its hypotenuse proportional to the field, one 
finds the integral proportional to V;}/F, which should 
be about the same for all gases under the onset 
conditions. 

Experiments to check the assumption of the sig- 
nificance of the rebound molecules have been made by 
varying gas temperature and tip temperature inde- 
pendently. As expected, in the low-field range of the 
characteristic the ion current decreases considerably 
with increasing tip temperature, while the current 
increases when the whole tube is immersed into 
liquid air. 
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Fic. 5. Potential diagram for retarding potential tube, above 
for negative emitter (electron emission) and below for positive 
emitter (ion emission). Compared with the field at the emitter, 
the field at the collector is actually much smaller than shown here. 








4. VELOCITY DISTRIBUTION OF FIELD ION EMISSION 


The origin of the ions can be localized by measuring 
their velocity distribution. Only those coming directly 
from the surface will finally have the full velocity 
corresponding to the voltage applied to the accelerating 
electrode, while those produced at a certain distance 
from the tip will have less velocity. Inghram and 
Gomer® have reported measurements of peak widths as 
obtained in a precision mass spectrometer. Although 
the resolution of 20 volts limits the accuracy, the 
broadening of the peak width with increasing field 
indicates clearly that at least some ions are produced 
at a distance from the tip. 

In the course of our work we have used the re- 
tarding potential method, which has already proved 
to be reliable for measuring the velocity distribution 
of field electron emission within an accuracy of a few 
hundredths of a volt. The tube illustrated in Fig. 4-is 
first used to measure field electron emission in order 
to obtain the work function of the collector don. It 
equals the voltage at which electrons start to enter the 
collector according to potential diagram Fig. 5. Field 
ions produced, after about 0.1 micron of gas has been 
admitted and after the voltages have been reversed, 
can reach the collector only if it is negative by Veou= Vz 
—eoi. Figure 6 gives recorded collector currents as a 
function of the collector voltage. Actually the observed 
current has the direction of entering electrons. These 
are produced when the ions that cannot reach the 
collector fall back and strike the outside surface of the 
accelerating electrode and also when collisions occur in 
the gas. The total current begins to drop when ions 
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Fic. 6. Recorded collector currents of retarding potential tube. 
The currents are of the order of 10~" amp. Differentiation gives 
a half-width of 1.0 ev at 130 Mv/cm and of 3.1 ev at 200 Mv/cm 
for the energy distribution of the argon ions. The half-width of 
the electron emission energy distribution is 0.43 ev. 


start contacting the collector. For argon the onset of 
ion current is at 10 volts, exactly where it should 
happen according to our potential diagram, since 
dou=5.7 ev and V;=15.7 ev. In the same way, the 
onset for xenon is found at 6.5 volts and for helium at 
19 volts. Differentiation of the voltage-current record- 
ings gives the energy distribution, which shows clearly 
the origin of the ions beyond the expected minimum 
distance from the surface. At higher fields, where auto- 
ionization in space becomes effective, the distribution 
curve is much wider. The distribution width can be 
calculated from / Pdi and there is complete agreement 
with the experimental result derived from Fig. 6 for 
argon. 


5. THE FIELD ION EMITTER AS AN ION SOURCE 


The value of the field ion emitter as an ion source for 
a mass spectrometer has already been emphasized by 
Inghram and Gomer.* They modified the field ion 
microscope by the introduction of a small hole in the 
screen through which an ion beam passed into a mass 
spectrometer equipped with an electron multiplier as 
the ion detector. The most remarkable property of the 
field ion emitter compared to conventional ion sources 
is the fact that in the high-field range the ions are 
produced before the molecules contact the tip surface, 
and that no hot filaments are present. This results in a 
negligible fragmentation of molecules and offers great 
advantages in mass-spectroscopical analysis. Another 
valuable property of the field ion emitter is the small 
size of the emitting region, which makes it practically 
a point source with ion current densities up to above 
100 amp/cm*. This allows the source itself to be used 
as an entrance slit of the spectrometer. Figure 7 shows 
a design of a mass spectrometer in which the point 


source is focused on a fluorescent screen by a three- 
element electrostatic lens. Because of the small mag- 
nification, about 20 times, and a desired image spot 
diameter of 0.2 mm, the numerical aperture of the lens 
could be made as large as about 0.2, so that a large 
fraction of the total ion current is utilized. In this 
experimental tube which was designed mainly to study 
the mechanism of field ionization of molecular gases, 
a resolution of about 80 was obtained with a 20-Ilb 
magnet, enough to just resolve the krypton isotopes. 
Intensities can be measured photometrically on the 
screen. The wide aperture of the lens makes it difficult 
to maintain a very high vacuum in the deflection 
chamber, so that at larger pressures the image points 
on the screen show tails produced by charge exchange 
during gas collisions. Results obtained with this mass 
spectrometer will be reported in another publication. 


6. THE RESOLUTION OF THE FIELD ION MICROSCOPE 


Field ionization at a surface was discovered when a 
conventional field electron microscope was operated 
with reversed polarity in hydrogen? for the purpose of 
obtaining an improved resolution. This field ion micro- 
scope was then thought to utilize field desorption 
directly from the surface. However, the failure to 
obtain improved resolution at liquid air temperature, 
with hydrogen ions as well as with argon ions, and 
further the steady transition of a sharp image to a 
blurred one at increasing fields, suggested that the 
ionization occurs in space above the surface, as dis- 
cussed in the foregoing paragraphs. Nevertheless, the 
basic principles for treating the resolution of the field 
electron microscope, as developed by Benjamin and 
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Jenkins!” and by Miiller,* which were discussed again 
with more detail by Ashworth and Gomer,!® can be 
applied to the ion microscope as well. 

Three factors determine the size of the image of an 
object on the tip: The divergence of the ion orbits due 
to the magnification of the tube by straightforward 
central projection, the velocity component of the ions 
parallel to the tip surface, and finally the diffraction 
due to the wave nature of the ions, which can be de- 
scribed as well by the Heisenberg uncertainty principle. 

The magnification of a field emission microscope is 


M=R/Br, (10) 
where R is the distance from the tip to the screen, ro the 
tip radius, and 6 an “image compression factor,” which 
takes into account that the emitter is not a freely 
suspended sphere, but is supported by the conical 
shank. The factor 8 equals about 1.5 and can be 
measured accurately in the crystal pattern of a given 
tip. The minimum image size Amin is given’? by 

Amin?= 247M /m+4i,?7?, (11) 
where the first term describes the effect of the un- 
certainty and the magnification, the second one the 
image broadening by the average tangential velocity 
component 6,. Here 7 is the time of flight of the ion, 
which is very close to RX (m/2eV)'. Dividing Eq. (11) 
by the magnification, one obtains the object side 
resolution: 

2h Bro 


(12) 


( oo) i 
e (2emV)! eV 


For ions the first term, representing the square of the 
magnification-diffraction contribution, is at least 100 
times smaller than for electrons and is thus practically 
negligible. The second term will also be smaller, because 
of the higher voltage, if the transverse energy com- 
ponent 3mi,* is of the same size as for electrons. 
Because of the radial field, the approaching gas mole- 
cules will have no more average tangential energy than 
kT, which at room temperature is already about 4 times 
smaller than the corresponding energy of field electrons, 
and could easily be decreased by operating the ion 
microscope at lower temperatures. Unfortunately, as 
has been made evident in Sec. 3, most of the ionization 
occurs when the gas molecules are rebounding from the 
surface. They will have a randomly directed velocity 
with an average kinetic energy up to mv?/2=3kT 
+4aF?, which results in a resolution 


2hBro — w°6*rd*(3kKT+aF*) \$ 
5-( + ). (13) 
(2emV)* 8eV 


2M. Benjamin and R. O. Jenkins, Proc. Roy. Soc. London 
A176, 262 (1940). 

8 E. W. Miiller, Z. Physik 120, 270 (1943). 

4 F, Ashworth, Advances in Electronics 3, 1 (1951). 

© R. Gomer, J. Chem. Phys. 20, 1772 (1952). 
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Fic. 8. Theoretical resolution of the field emission microscope, 
for electrons and for helium, hydrogen, and argon ions. 


The energy term due to the dipole attraction }aF? is, 
in the practical field range, usually larger than the 
thermal energy at room temperature, for instance 
0.1 ev for He at 375 Mv/cm and 0.22 ev for A at 
200 Mv/cm. Since it shows up as a tangential com- 
ponent only after reflection at the surface, one can hope 
to eliminate its disturbing effect by providing a gas- 
surface combination with an accommodation coefficient 
close to unity. Unfortunately, the accommodation 
coefficient for helium on clean tungsten is rather small. 
However, at a sufficiently low temperature, perhaps 
below liquid air temperature, it should increase. It 
appears also that the more detailed images which one 
obtains from an oxygen-covered tungsten tip could be 
ascribed to an increased accommodation coefficient. 

With the significance of the polarizability in Eq. (13), 
we can assume that helium with its extremely small a 
is a most suitable gas for an ion microscope.'* In Fig. 8 
the resolution of ion microscopes has been calculated in 
the case of He for a field of 350 Mv/cm and in the cases 
of A and Hp for a field of 180 Mv/cm, which seems to 
be about optimum. For comparison the resolution of 
the field electron microscope, with a typical operation 
range of 35 to 50 Mv/cm, has also been calculated, 
using Eq. (12) and an average tangential energy com- 
ponent‘ of ¢,=0.67X10-*Foz-* (e, and ¢z in ev, and 
F in volts/cm). 

Actually, we should rather call the result of Eq. (13) 
the potential resolution, since it is the resolution ob- 
tainable in the region where the ions originate, parallel 
to and about 5 to 10 A above the surface. No more 
detail can appear in the image than that which is 
contained in the local potential profile between the 
border of the ionization zone at lmin® (Vr—@2)/F and 
the actual surface. Edges of single lattice steps should 
certainly show up in the potential profile at that 
distance, but the fine field ripple produced by the 


individual atoms might be too small to give sufficient 


16 E. W. Miiller, Deutsches Patent No. 868 030 (1951). 
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intensity variation. It seems to be important to choose 
the applied field according to Fig. 2. At low fields the 
contrast is better, but the ions originate too far from 
the surface. Too high fields, on the other hand, will 
produce too much autoionization before the molecules 
approach the surface close enough for encountering 
sufficient differentiation in the local field. Evaluating 
JS Pdi, one finds for instance that for He at 400 Mv/cm 
half of the ions originate in a distance between 5 and 
21 A from the surface, and 10% originate only 5 to 
5.7A above the surface, yielding a high-resolution 
image with low contrast. 

Considering the difficulties in evaluating the potential 
profile above an atomically rough surface, one can say 
that the experiments confirm fully the expectations 
about the resolution. Using the noble gases, and hydro- 
gen, nitrogen, oxygen, and mercury, one finds by far 
the finest details in the helium-ion image of a tungsten 
tip. While all the other gases gave a gaseous discharge 
breakdown at pressures above 5 to 10 microns, helium 
microscopes could be operated up to pressures of 50 
microns, but with some loss of definition due to scatter- 
ing of the ions in the gas. This high pressure helps a 
little to balance the extremely small intensity obtain- 
able with helium because of the small dipole capture. 
For best resolution, very fine tip radii were used; this 
decreased the intensity again. Usually the tips were 
sharpened in the tube itself by the old methods of 
cathode sputtering”’ or oxide evaporation, '* and finished 
by field evaporation.' The determination of the tip 
radius and hence the magnification by measuring field 
electron emission is rather difficult, since the removal 
of an oxygen film can be achieved only by field evapora- 
tion at room temperature. Heating the finished tip to 
the evaporation temperature of an oxygen film, above 
2000°K, would immediately increase the tip radius 


Fic. 9. Helium-ion image of the center of a tungsten tip, 
with individual lattice steps around the 011 plane. Tip radius 
ro=1000 A. Helium pressure 15 microns. Voltage 23 000 volts 
corresponding to F = 380 Mv/cm. 


17 E. W. Miiller, Z. Physik 106, 132 (1937). 
18 F. W. Miller, Z. Physik 108, 668 (1938). 


MULLER AND K. 


BAHADUR 


beyond the desired size. We assume that the data given 
for the tip radii in Figs. 9 to 11 are correct within about 
+25%. Figure 9 shows the center of the pattern of a 
tungsten tip, the dark area being the 011 plane, sur- 
rounded by individual lattice steps. On the original 
photograph about 9 to 10 concentric rings can be 
counted, which occupy a region with a maximal apex 
angle # of about 13° (almost half the way to the 112 
plane, for which #= 30°). The cap of a sphere with this 
apex angle and a radius of 1000 A is 25 A high, which 
is pretty close to 10 layers of 011 planes (2.35 A each). 
We conclude that this fine tip had an almost spherical 
shape, and that the individual lattice steps were re- 
solved. The spacing of these steps can be calculated 
from the lattice structure. On the right side of the 
picture, the 122 plane with a spacing of 6.7 A is clearly 
resolved. The ion image provides a perfect topographic 


Fic. 10. Helium-ion image of a tungsten tip with lattice steps 
around the 011 plane in the center. Tip sharpened by cathode 
sputtering, and smoothed by annealing at 950°K. Field electron 
emission of 1 microampere at 920 volts, corresponding to tip 
radius of about 200 A. Ion image made with 25 microns of helium 
at 8900 volts corresponding to about 420 Mv/cm. 


map of the emitter tip with the lattice steps as contours. 
This suggests an application of this map to obtain a 
more accurate field calibration for checking the Fowler- 
Nordheim theory of field electron emission more closely. 

The tip radius in Fig. 10 is about 200 A, resulting in 
a higher resolution. At least on the original photograph 
a pearl chain structure of the lattice steps in the region 
between the central 011 plane and the four surrounding 
dark 112 planes can be clearly recognized, where the 
spacing in the chain is 4.5 A. This photograph required 
4-hour exposure with an f:1 objective and Tri X film. 
The individual atoms constituting the lattice steps were 
better observed visually with the help of a special 
15 times magnification microscope with numerical 
aperture 0.5 and coated lenses, and a perfect dark 
adaptation of the eye. During the long photographic 
exposure time, the fine details might easily undergo a 
change by adsorption, surface migration, and field 
desorption of contaminations in the helium, and at 
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fields above 450 Mv/cm by field desorption of tungsten 
itself. 

Damage to the tip surface due to the impinging 
helium atoms is negligible, since at 450 Mv the kinetic 
energy of the dipoles is only 0.14 ev. Gaseous con- 
taminations which all have larger polarizabilities than 
He cannot approach close to the tip because they are 
ionized at a large distance from the emitter, thus 
reducing only the contrast. 

At a field of about 500 Mv/cm the ionization of 
helium occurs almost completely at a large distance 
from the tip by autoionization. However, some details 
of the tungsten surface still remain visible in an image 
of low contrast, showing the dissolution of the surface 
lattice planes by field evaporation at room temperature. 
Some experimental data in the preceding paper have 
been obtained this way. By lowering the field the 
momentary state of the surface can be frozen in and 
photographed. Figure 11 shows the 011 plane of a 
1000 A tip in a state where the central residual 011 
plane was just stopped before total dissolution. While 
in motion the edges of the collapsing rings are seen to 
be disappearing in little steps, undoubtedly due to the 
removal of individual atoms. The lattice steps of dis- 
solving planes, which can be observed on 011, 112, and 
001 always form closed rings. No spiraling was ever ob- 
served on such surfaces. The situation might be different 
at high temperatures, where Drechsler, Pankow, and 
Vanselow® interpret their observations with the lower 
resolution and the lower field of a hydrogen-ion micro- 
scope as an effect of screw dislocations with step 
heights of 4.5 to 60 A. 

We also could not find a particularly high resolution 
with mercury ions, as is claimed by Drechsler and 
Pankow.® Although a very faint ion image appears at 
about 60 Mv/cm, the optimum field seems to be about 
100 Mv/cm, for which the potential resolution, accord- 
ing to Eq. (13), is slightly less than for argon. However, 
because of the low ionization potential, the Fermi level 
limit of ionization lies as close as 6 A above the surface, 
so that the potential resolution can be almost fully 
utilized. If the ion microscope were operated with Hg 
at a relatively low tip temperature, the accommodation 
coefficient might be one and the resolution could be 
about 2 times better than for argon. We had difficulties 
in observing Hg ion images from tips with sufficiently 
small radii because of the low intensity. At 1000 A tip 
radius, the resolution seemed not to be better than 8 A. 


7. THE FIELD DESORPTION MICROSCOPE 


The limitation in resolution due to the large tangential 
velocity component of the rebound molecules can be 


Fic. 11. Helium-ion image of a 011 plane of a tungsten tip with 
1000 A radius, after 10-sec exposure to 500 Mv/cm. Dissolution 
of 011 lattice planes was halted by lowering the field to 375 Mv/ 
cm, and the picture was taken at this field. 


overcome either by working at a sufficiently low tip 
temperature” as to make the accommodation coeffi- 
cient one, or by allowing the impinging molecules to sit 
on the surface until they have transferred their excess 
energy to the substrate and come off with an average 
tangential energy of kT only. This can be done by 
operating the field ion microscope with pulses rather 
than with dc. The repetition rate has to be chosen so 
that in the time between two pulses the tip is covered 
with a fraction of a monolayer of the gas, and the pulse 
voltage must be high enough to desorb the monolayer 
during the pulse time.! The ratio of pulse width to 
repetition time must be very small, perhaps 1/1000, in 
order to keep the intensity of the blurred background 
low, which is produced by autoionization far above the 
surface during the pulse time. Since the sticking proba- 
bility of nitrogen molecules” striking a tungsten surface 
at room temperature is 0.5, as long as the coverage is 
less than 2.5X 10" atoms/cm?, one can build up and 
tear off about 1500 of such layers within one second, 
if nitrogen is applied at a pressure of one micron. So far, 
our experiments with microsecond pulses and a repeti- 
tion rate of 1000 to 2000 per second did not yet give a 
satisfactory intensity in the image. The desorption field 
strength for nitrogen on tungsten is probably about 
500 Mv/cm, and very close to the desorption field 
strength of tungsten itself. It might be, therefore, 
better to look for another gas for a field desorption 
microscope with maximal resolution. 

The authors wish to express their appreciation to 
Dr. R. H. Good, Jr., for discussions on the subject of 
this paper and for reading the manuscript. 
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A series of K-edges of transition elements in ionic compounds are presented. It is found that absorption 
in the 3d region is most prominent in cases where the bonding is least ionic and the symmetry is lowest. As 
the 3d levels become progressively filled, this low-lying absorption disappears. 





HE fine structure of the K absorption edges in 
the 1 and 2 angstrom region has been studied by 
several investigators.'! The reason for this interest lies 
in the fact that (1) the energy region represented by 
these edges is readily accessible to investigation and 
(2) the nature of the electronic configuration of the 
elements involved, which includes the first transition 
series, makes them of particular interest. A definitive 
study of the K-edges of the pure elements from Fe thru 
Ge was made by Beeman and Friedman.” The edges for 
the compounds of this general range of elements, how- 
ever, have found their way into the literature on a 
piecemeal basis. The edges have been presented by 
many experimenters using varying techniques and 
different instruments; this has hindered interpretation 
and analysis. In this paper we present a coherent series 
of measurements on the simple salts of the elements, 
Mn thru Zn, somewhat in a survey fashion in which 
we can observe trends and irregularities. 

In particular, we wish to emphasize the long-wave- 
length, low-absorption structures of the K-edge curves. 
Hanson and Beeman* pointed out that even in such 
ionic compounds as MnCO; and Mn(C.H;02)2-H.O 
the simple 1s—mp transitions do not account for all 
features. There is a faint low-energy absorption into 
the 3d region which probably becomes permitted as a 
result of hybridization. This effect was verified by 
Coster and Kiestra,‘ and they showed that this ab- 
sorption occurred even in salts having highly electro- 
negative anions such as MnCl;,-4H,0 or MnSQ,-H,0. 
In this paper we present the results of our examination 
of this effect for the salts of the elements manganese 
through zinc. 


MEASUREMENT AND DATA 


This series of measurements was made with a two 
crystal spectrometer using Geiger counter recording. 
A conventional stabilized high-voltage power supply 


* Now at Union Carbide and Carbon, Oak Ridge, Tennessee. 
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3H. P. Hanson and W. W. Beeman, Phys. Rev. 76, 118 (1949). 

4S. Kiestra, “ WAR as of X-ray Spectroscopy to Solid 
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was used. The x-ray tube was a continuously pumped, 
all metal, demountable unit with a tungsten target. 

Although it is somewhat misleading, we have fol- 
lowed the customary procedure of normalizing the 
data so that the absorption maximum for the elements 
in each of its chemical states is represented by the same 
height. The absorption in argon® indicates the jump 
ratio for the free atom at the 1s—4¢ line is about twice 
as high as the absorption from the 1s level to the 
continuum. For the metallic ions, which reveal a 
structure much like argon, unpublished studies indicate 
that the absolute absorption coefficient of the 1s—4p 
transition is much larger than the equivalent transition 
in the metal. 

In the curves 2, 3, 4, and 5, little care was taken with 
getting precise data in the region of high absorption. 
In the low-absorption portion of the edge, the measure- 
ments were repeated as many as ten times. In this 
instance, the single-crystal photographic method would 
enjoy an advantage. The mechanical smoothing in- 
volved in making densitometric studies of the film 
avoids the difficulty in the point-by-point Geiger 
counter measurement that neighboring points are 
independent. The numerous runs we took should insure 
that the purely statistical error would be less than the 
width of the line. The mathematics notwithstanding, 
the data are not nearly as good as this, but we are 
confident that the curves give a quite accurate indi- 
cation of the amount of low-energy absorption. 


SIGNIFICANCE OF THE CURVES 


As many experimenters have pointed out, the edge 
structure in the region close to the edge is a function 
of the atom and not of the crystal lattice as a whole. 
With this as a premise, the edge structure has been 
interpreted in many papers on the basis of transitions 
from the K-level into electronic states of the K excited 
atom. If one could deal in general with isolated ions or 
atoms of atomic number Z, transitions of the K-electron 
to weakly bound states would be known in the same 
sense as are excited optical states of complex atoms. 
However, since one does not have information about 
such states, one makes the reasonable assumption that 
the energy configuration for the K excited state would 


5L. G. Parratt, Phys. Rev. 56, 295 (1939). 
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duplicate the optical states of the atom or ion of the 
element Z+1. On the basis of this concept, Parratt® 
has given a very convincing explanation of the edge 
structure for the argon atom. 

The atoms in solids, however, are not isolated, and 
the bound states associated with these atoms must be 
influenced by the environment. Thus the edge structure 
should be dependent on the character of the binding, 
which involves the number and nature of the nearest 
neighbors as well as the interatomic distances. Since 
the transitions from the 1s level to the empty levels 
leave the absorbing atoms in a nonequilibrium con- 
dition, it is difficult to say to what extent the edge 
structure is indicative of the original bonding in the 
solid and to what extent it is uniquely characteristic 
of the excited atom. The success of the exciton concept 
in explaining the electro-optical behavior of noncon- 
conducting solids has led some physicists into at- 
tempting to explain the x-ray edge on the same basis. 
While this approach may be valid in the x-ray situation, 
it would seem to be an unnecessary complication at 
best. It does not seem probable that the exciton point 
of view can invalidate the idea that the structure 
reasonably close to the edge is primarily concerned with 
essentially atomic states. Figure 1 shows a curve for 
the Nit* edge in solution which is taken from a paper 
by Beeman and Bearden® and our measured curves for 
NiSO,:7H,0 and NiF>». The great similarity is apparent. 

Because of the hydrated nature of NiSO,-7H,O one 
would probably not expect any significant difference 
between its edge and that of aqueous Nit*. However, 
the curve shown for NiF, is an almost exact prototype 
for the aqueous Ni**. Thus even in ionic salts which 
are not hydrated the same basic pattern occurs. The 
essential point is this: the exciton concept is based on 
the idea of the production of solid state levels which 
have a relation to the valence and conduction bands in 
a solid. In solution, one does not have the repeating 
steric organization involved in band formation, yet the 
edge structure is the same as in solid ionic salts. In this 
study we shall, therefore, maintain the viewpoint that 
the structure close to the edge is primarily determined 
by transitions into bound states of the K excited ions. 
These levels and the transition probabilities involved 
are, of course modified by the number, the nature, and 
the symmetry of the nearest neighbors. 

In recent years, crystal field theory has come into 
prominence as a means of accounting for the optical 
absorption of ions surrounded by various ligands. 
Bethe’ has shown the effect of fields of different sym- 
metry on the orbits of an atom. Hartmann and IIse® 
accounted quantitatively for the spectra of the Ti*+*+* 


6 W. W. Beeman and J. A. Bearden, Phys. Rev. 61, 455 (1942). 
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Fic. 1. K-edge structure for Ni*+*+ in aqueous solution 
and in the solid ionic salts. 


ion by application of this theory. Orgel® and Ballhausen” 
have generalized this approach to include the effect of 
crystal fields of various symmetries. 

In x-ray absorption spectroscopy, Beeman" has laid 
considerable stress on the symmetry of the field in 
producing a broadening and splitting of states. If the 
symmetry is high enough and if the approximation that 
one has an ion in the field of its neighbors is satisfactory, 
then one does not expect any more distortion of the 
ionic energy levels than a general broadening due to 
ligand motion. If a lower symmetry obtains, the de- 
generacy may be removed and the levels may undergo 
splitting of the order of volts. 

The edge structure cannot always be accounted for 
by ordinary splitting, however, since in some cases it 
is apparent that other states than # states are involved. 
One does not expect violation of the x-ray selection 
rules from the crystal fields regardless of the symmetry. 
Rather one may regard the symmetry as being in- 
dicative of the state mixing and homopolar character 
of the bond. In any event, comment will be made about 
the crystal symmetry in those cases where it is known 
and where it seems appropriate. 

The absorption edges shown in Figs. 2-5 are designed 
to show the amount of low-energy absorption as a 
function of Z. Consequently, these curves are displayed 
in a somewhat different fashion from that customarily 
employed in absorption edge studies. The curves are 
organized so that a group is made of a given combined 
form of each metal considered. This method has the 
advantage that inspection of fine structure features 
for a series of compounds of the same type is facilitated. 
The principle disadvantage is that a comparison of 
different compounds of a given element is difficult. To 
offset this in part, vertical lines are drawn along the 

°L. E. Orgel, J. Chem. Phys. 23, 1004 (1955). 

0 Bjerrum, Ballhausen, and Jorgenson, Acta Chem. Scand. 8, 
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Fic. 2. K-edge structures in ionic salts of transition metals. 








abscissa to indicate the top of the Fermi band in the 
corresponding metal. 

To establish the position of the Fermi level, measure- 
ments were taken on all of the metals of this series. The 
edge structure for the metals were essentially the same 
as those first reported by Beeman and Friedman.? The 
viewpoint developed by Beeman and Friedman involves 
band theory which is appropriate to the interpretation 
of the metal edge, but which does not seem to contribute 
a great deal to the case of compounds. 


(a) Ionic Salts 


In the case of the edge structures of the metallic 
ions in solution, a fairly substantial case can be built 
up for regarding the main features of the curves as 
being due to transitions into the various p states of the 
K excited ion. That is, the ion absorbs much as it would 
in a vacuum with some broadening due to the solvation 
layer. The analysis is much the same as Parratt’s for 
the case of argon gas.® 

Since the edge structure for the ion in solution is so 
similar to that of solid ionic salts, we ascribe the struc- 
ture to the same phenomena. The first strong peak (see 
Fig. 2) is a 1s—4 transition, the second hump is an 
unresolved conglomeration of 1s—np with n>5. The 
similarity between a metallic ion in a compound and 
an isolated atom of argon shows that the ion has a 
high degree of symmetry in the positions of its neigh- 
boring atoms and is relatively distant from these 
neighbors. 

In previous work,’ it was pointed out that in the case 
where the difference in electronegativity between the 
anion and cation was not large, a low-energy absorption 
was observed. While our present results indicate that 
strongly ionic salts also show the effect,‘ we find that 
it is definitely smaller in this latter instance. Curves 
for MnCO; (not shown) have a low absorption that is 
considerably more prominent than in the sulfates and 
chlorides. The MnCO; probably offers a situation of 
more complicated symmetry than the other two. This 
compound has the NaNO; structure which is like rock 
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salt in a sense, but which is distorted by the spatial 
requirement of the carbonate radical. 

The low-energy absorption is also present in 
FeSO,:7H:O and FeCl,-4H,0. However, the sulfates 
and chlorides of the elements of higher Z than iron do 
not show any measurable low-energy absorption in our 
studies. A photographic study with thick samples 
might indicate that this low-lying structure exists for 
Z> 26 in these compounds, but it would certainly show 
that the structure gets smaller. The electronegativities 
of the transition elements have about the same value 
for all members of the series. From this standpoint, 
one would not expect any great difference in the type 
of bonding for ionic compounds of the series although 
the number of unoccupied 3d levels can influence the 
nature of the binding. Presumably, the low-energy 
absorption in the Mn** and Fet** ionic salts indicate 
some state mixing. The lack of this structure at higher 
Z is probably due to the decreasing number of 3d 
vacancies rather than a change in bond type. The 
transition probability is, of course, small. 
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Fic. 3. K-edge structures for fluorides of transition metals. 
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The fluorides (Fig. 3) were obtained from Dr. R. A. 
Erickson, who was at the Oak Ridge National Labora- 
tories at that time. The iron fluoride is somewhat 
suspect in that the position of the maximum absorption 
indicates that the iron is in the ferric rather than the 
ferrous state in which it was originally formed. It was 
anticipated that the fluorides would have a fairly 
strong low energy absorption and this was born out 
by experiment. The effects of covalent bonding in 
fluorine compounds are well known. This is interpreted 
as being due to the small size of the fluorine and its 
great electronegativity. In most of the ionic salts the 
symmetry is very nearly octahedral. All of the fluorides 
shown have the SnO, structure in which the metals are 
found at the center of a slightly distorted octahedral 
structure. 


(b) Oxides 


Many of the oxides have been presented by Sanner.! 
The low-energy absorption is certainly present in all 
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of the oxides we studied (see Fig. 4) with the possible 
exception of Cu,O and ZnO.” The curves of these two 
as shown have very slight variations from the smooth 
curves expected. We could not make an unambiguous 
decision even with repeated measurements and the 
curves may well exaggerate whatever effect there is. 
The virtual absence of low lying absorption in these 
compounds is to be expected on the basis of the fact 
that they have no 3d vacancies. Some state mixing 
could account for whatever low-energy absorption 
exists. This is to be expected since all the other metallic 
ions have 3d vacancies. It should be noted that ZnO, 
also shows fairly prominently this characteristic ab- 
sorption. Although zinc is not a transition element, it 
apparently forms a transition-like atom when exhibiting 
a valence of four. 

The electronegativity of oxygen is somewhat greater 
than that of chlorine. On this basis, one might expect 
oxygen to form quite ionic compounds. However, the 
large electronegativity applies mainly to the attraction 
of the first electron. The divalent character of oxygen 
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Fic. 4. K-edge structures for oxides of transition metals. 


causes the oxides to reveal a certain degree of state 
mixing so that low-energy absorption is to be expected. 

The symmetries of the oxides range from the simple 
cubic structure of NiO to the more complicated arrange- 
ments in Cu,O and MnO». The low-lying absorption 
seems to be independent of the symmetry and occurs 
when the 3d levels have a vacancy. Within the effect 
of sample uniformity, it shows a decreasing prominence 
with increasing Z. The structure beyond the first peak 
is more symmetry sensitive. NiO shows an edge struc- 
ture not greatly different from that of ionic nickel salts; 
and CuO, which has a plane configuration of O?~ ions 
about the Cu, has a corresponding edge which bears 


12 Recent measurements on various oxides of nickel show some 
unexpected results in terms of valence, etc. This will be discussed 
elsewhere. 
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Fic. 5. K-edge structures for sulfides of transition metals. 


no resemblance to ionic cupric salts. These NiO and 
CuO edges are not shown. 


(c) Sulfides 


Figure 5 shows that the general pattern followed by 
the sulfides of the transition element out to about 30-40 
volts is a small low-energy absorption at the 3d range, 
a very significant absorption in the 4s range, and, after 
a small but fairly distinct bump in the 4p range, an 
undetailed structure that is nearly flat. The absorption 
in the 4s range is quite large, being more prominent 
than even that observed in the metals. 

These curves are characterized by broad rather flat 
absorption peaks. The lack of definition in these com- 
pounds is not unexpected when one consideres the struc- 
ture of these sulfides. Many of these structures have 
not been analyzed in detail, but one can say that the 
metal ion is usually dispersed through a fairly close 
packed structure of sulfide ions. There is good evidence 
in some cases" that the metal ions occupy two different 
kinds of sites. Neither of these are sites of highest 
symmetry, one having tetrahedral symmetry and the 
other being located at the center of the sulfide triangle. 

Only two compounds show any deviation from the 
general pattern. These are the cuprous and zinc sulfides. 
We found no low-lying absorption in these cases, but 
they were not examined quite as carefully as the cor- 
responding oxides. The decrease of the absorption with 
atomic number in going from Z= 25 to Z=30 is not so 
marked as in other compound classes, but the CuS does 
show considerably less 3d absorption than the others. 
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An accurate determination of the self-diffusion coefficient in germanium has been obtained. In the 
temperature range 766-928°C, it is represented by D=7.8 exp(—68 500/RT) cm? sec. The probable errors 
in the frequency factor and activation energy are +3.4 cm?/sec and +0.96 kcal/mol, respectively. 





INTRODUCTION 


EASUREMENTS of the diffusion of a number of 
impurities in germanium have been made in 
several laboratories.' A preliminary value of the 
self-diffusion coefficient in germanium has been 
reported? ; however, in order to understand diffusion pro- 
cesses and their relationship to thermal imperfections, 
we have undertaken a more accurate determination. 

It is interesting to consider the spectrum of activation 
energies reported for the diffusion of various elements 
in germanium. The elements appear to separate 
themselves into two distinct groups, those with activa- 
tion energies near or less than 1 ev and those with 
activation energies greater than 2 ev. Among the former 
one finds lithium (0.5 ev) and copper (<0.5 ev)® and 
nickel (<1.0 ev).* These may be contrasted to the well 
known substitutional impurities (~2.5 ev)' and to 
germanium itself (3 ev). Although it is uncertain 
whether diffusion in germanium takes place by simple 
interchange, by a ring mechanism, or is associated with 
thermal defects (vacancies and interstitialities), it 
seems probable that the members of the first group 
diffuse interstitially and those of the second by another 
defect mechanism. The first group is composed of atoms 
whose positions in the germanium lattice are ill-defined. 
If, for example, they are located in interstitial positions, 
they are not bound by the statistics governing the 
density of intrinsic lattice defects, but find four suitable 
nearest neighbor sites into which they may jump. 
Thus, the activation energy for interstitial diffusion 
would involve only the activation energy of motion of 
an atom (or ion) from one interstitial position to 
another. The absence of a term associated with the 
energy of formation of a defect could account for the 
observed relatively low activation energies for the 
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diffusion of atoms of this group. Such a mechanism 
appears to be quite likely in the case of the extremely 
small lithium ion.* The higher activation energy for the 
diffusion of species of the second group, then, is in part 
attributable to the energy of formation of a lattice 
defect and the remainder is associated with the motion 
of this defect. If our analysis is correct, the self-diffusion 
coefficient should be related directly to the concentra- 
tion and diffusion coefficient of the significant thermal 
imperfection. 


EXPERIMENTAL 


The basic experimental techniques were described in 
our previous communication.? The measurements were 
made possible by the use of a precision grinding 
machine.® This technique permits an analysis of the 
extremely small penetration of radiotracer into both 
faces of the thin specimens used. 

The radioisotope used in the experiment is Ge”, 
which was obtained from Oak Ridge in the form of 
GeO:. Both stable Ge” and Ge’ undergo an (n,y) 
reaction in the pile. The resulting activities are 11.4-day 
Ge™ which decays by K-capture to stable Ga” and 
12-hr Ge” which decays by 8 emission to As”. The 
latter isotope is also radioactive, decaying in about 
two days by 8 emission to Se’, which undergoes a 
short-lived isomeric transition. 

The plating technique used? obviously does not 
distinguish between the two isotopes of germanium 
present ; moreover, it was found subsequently that As”’ 
was plated onto the specimens in sufficient quantity 
to be detectable at the time of sectioning. This fact 
was established by a plating experiment in which the 
bath mixture contained ordinary (non-radioactive) 
germanium dioxide plus a small quantity of As”, a 
27-hr isotope produced by neutron bombardment of 
an AsO; target at Oak Ridge. It was found that, with 
the plating conditions reproduced, a considerable 
amount of radioarsenic was deposited upon test 
specimens. 

The specimens, after preparation and electroplating, 
were placed upon quartz flats and sealed in Vycor 
tubes which contained an air atmosphere at about 10-* 
mm pressure. Annealing was carried out in furnaces 
which were maintained within +2°C of the desired 
temperature. After removal of the specimens from the 


® Letaw, Slifkin, and Portnoy, Rev. Sci. Instr. 25, 865 (1954). 
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furnaces and their tubes, their edges were ground off 
to a depth several times the expected mean penetration. 
The specimens were then weighed and sectioned and 
the residues were assayed. 

Nineteen successful determinations of the self- 
diffusion coefficient were obtained. These data are 
presented in Table I. In Fig. 1, a typical penetration 
plot is reproduced. Several of the determinations, on the 
other hand, did not at first appear to be valid because 
of the presence of curvature in the penetration plots. 
It was suspected that the curves obtained were the 
sums of two exponentials; thus, that they could be 
rectified graphically. The lower asymptote to each 
curve was extrapolated to zero penetration. Values of 
specific activity taken from the extrapolations were 
subtracted from the corresponding experimental specific 
activities. The resulting normalized specific activities, 
when plotted against the squares of the penetration 


TABLE I. Annealing temperatures and self-diffusion 
coefficients for germanium. 








T(°C) 


927.8 
927.3 
921.8 
918.6 
918.6 
916.2 
898.5 
875.9 
875.9 
863.6 
845.0 
845.0 
842.2 
827.4 
827.4 
813.8 
806.1 
788.6 
766.2 


1000/T (°K-}) 


0.8326 
0.8330 
0.8368 
0.8391 
0.8391 
0.8408 
0.8535 
0.8702 
0.8702 
0.8797 
0.8943 
0.8943 
0.8965 
0.9086 
0.9086 
0.9200 
0.9265 
0.9418 
0.9621 


D (cm? sec) 


2.17X 10-8 
2.60X 10-2 
2.94 10-2 
2.38X 10-2 
2.33X 10-2 
2.33 X 10-2 
1.23X10-" 
8.12 10-4 
6.65 X 10-" 
5.13 10-" 
3.68 X 1078 
3.51X 10-" 
3.53 X 107% 
1.89X 10-* 
1.73X10-" 
1.39X10-% 
9.63 10-™ 
6.54 10-4 
3.48 X 10-4 











depths, yielded straight lines characteristic of volume 
diffusion from a thin source on the surface. Experi- 
mental data and the constructions corresponding to 
this treatment for one case are shown in Fig. 2. 

The success of the procedure outlined above suggested 
that the anomaly could be attributed to the penetration 
of a radioisotope which diffused more rapidly than 
germanium. In view of the presence of As” in the 
electroplating bath, it was surmised that this isotope 
was responsible for the curvature. In addition to 
confirming that As’’is electrodeposited upon germanium 
under the conditions used, two further indications of 
its presence were found. A specimen after analysis, i.e., 
after removal of all of the Ge” activity and most of the 
foreign activity, was face-counted and it was found that 
sufficient activity remained for a half-life determination 
to be undertaken. This experiment led to a value of 
about 42 hr for the half-life of the impurity. Although 
there appears to be some question as to the half-life 
of As’, the result obtained is in agreement with 
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Fic. 1. Typical penetration plot. Mean penetration [4/ (Dt) ] 
approximately 10u. 


published data.* Furthermore, a conventional semi- 
logarithmic plot of the diffusion coefficients estimated 
from the extrapolated asymptotes versus the reciprocal 
of the absolute temperature yielded an activation 
energy which, while statistically uncertain, was in 
excellent agreement with Dunlap’s value for the 
diffusion of arsenic in germanium.' It may be mentioned 
parenthetically that the solid state diffusion technique 
is applicable to the separation of small quantities of 
radioisotopes of different elements for the purpose of 
half-life determination when the half-lives are similar. 
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Fic. 2. Penetration plot showing both radioarsenic and radio- 
germanium diffusion. The extrapolated lower asymptote corre- 
sponds to the aresenic penetration and the difference line to 
germanium penetration. 


°H. J. Watters and J. F. Fagan, Jr., Phys. Rev. 92, 1248 (1953); 
Nuclear Data, National Bureau of Standards Circular 499 (U. S. 
Government Printing Office, Washington, D. C., 1950). 
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Fic. 3. Temperature dependence of germanium self-diffusion. 
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The data of Table I are plotted in Fig. 3. In the 
temperature range 766-928°C, the self-diffusion coeffi- 
cient in germanium is represented by 


D=7.8 exp(—68 500/RT) cm?/sec. 


The probable errors in frequency factor and activation 
energy, computed by the method of Birge,’ were 
+3.4 cm*/sec and +0.96 kcal/mole, respectively. 


DISCUSSION 


The energy of formation of thermally introduced 
acceptors has been determined several times.* Probably 
the best of these is that of Mayburg and Rotondi as 
amended by Mayburg. The acceptor density as a 
function of temperature was found to be given by 
Na=3X10 exp(—46 300/RT) cm~*. Mayburg char- 
acterized these defects as vacancy-interstitial pairs. 
The identification of these acceptors as Frenkel defects 
has not been established conclusively. Among the 
points difficult to interpret are the annealing curves 
observed at temperatures greater than 516°C. If 
Frenkel defects were responsible for thermal conversion, 
one would expect a second-order process to govern 
the annealing rate. Although the data in this tempera- 
ture range appear to be approximately rectified by a 
second-order treatment, certainly more than one rate 
constant is required for an accurate description of the 
process. At lower temperatures, the annealing process 

7R. T. Birge, Phys. Rev. 40, 207 (1932). 

® See for example: C. Goldberg, Phys. Rev. 88, 920 (1952); 
L. Esaki, Phys. Rev. 89, 1026 (1953); R. A. Logan, Phys. Rev. 
91, 757 (1953); S. Mayburg and L. Rotondi, Phys. Rev. 91, 
1015 (1953); S. Mayburg, Phys. Rev. 95, 38 (1954). Effects 
reported by some of the earlier investigators are definitely 
attributable to copper. We do not consider copper to be a “thermal 


acceptor” nor do we classify conversion caused by copper as 
“thermal conversion.” 


was found to be extremely complicated. It was proposed 
that interstitials diffuse much more rapidly than 
vacancies in the temperature range below 516°C. 

An alternative model to explain thermal conversion 
has been proposed by one of us.* In this case, Schottky 
defects are identified as thermal acceptors. The anneal- 
ing process takes place by the formation of divacancies 
and clusters of higher order. This model appears to 
account well for the annealing data obtained by 
Mayburg. 

Here, we have assumed that the defect responsible for 
thermal conversion is also associated with diffusion. 
For this reason, we assume, in keeping with the model 
described above, that the vacancy mechanism is 
involved in germanium self-diffusion. Other mechanisms 
such as simple interchange or ring rotation have been 
invoked.” A consideration of the directional nature of 
the covalent bond in this material indicates that an 
extremely high activation energy must be associated 
with either of those mechanisms in such a lattice. It 
seems reasonable to discard both the simple interchange 
and ring rotation mechanisms in this case. 

Continuing for the moment to assume that the 
defect responsible for thermal conversion is also active 
in self-diffusion, we may calculate the diffusion coeffi- 
cient of this defect. The diffusion coefficient of the 
defect, Dy, is just the self-diffusion coefficient divided 
by the fraction of lattice sites occupied by the defects. 
The density of lattice sites is 8/a*, where a is the lattice 
parameter. Using the defect density determined by 
Mayburg and Rotondi, we find that the desired 
fraction is 6.6 exp(—46 300/RT) defect per lattice site 
and that Dy=1.2 exp(—22 200/RT) cm*/sec. Under 
the assumption that the thermal defect is a Frenkel 
defect® and that the Schottky defect had been ruled 
out, Mayburg pointed out that during the time elapsing 
in a quenching operation, the Frenkel defects would 
annihilate by recombination if either vacancies or 
interstitials diffused at the rate Dy.'° Thus, despite 
objections such as those raised above, he proposed a 
ring mechanism for self-diffusion in germanium. One 
can very simply avoid these difficulties by assuming 
that thermal defects are vacancies and can thereby 
develop a theory which is in agreement with diffusion 
data and also accounts for the annealing process in 
germanium.’ 

One is not by any means justified in applying deduc- 
tions based on the properties of metals to germanium; 
however, the use of Zener’s theory of the frequency 
factor" in the present case is of heuristic value. One 
cannot at this time estimate clearly the validity of 


®H. Letaw, Jr. (to be published). 

0S. Mayburg, Phys. Rev. 98, 1134 (1955). 

1C, Zener, J. Appl. Phys. 22, 372 (1951). Later work by 
G. H. Vineyard and G. J. Dienes Ry Rev. 93, 265 atsy 
and Huntington, Shirn, and Wajda [ Phys. Rev. 99, 1085 (1955) 
have placed the calculation of entropies of lattice defects upon 
a much firmer ground than heretofore. These theories have not 
been applied at this time to the diamond lattice. 
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Zener’s assumption that the entire activation energy 
is included in the elastic strain energy associated with 
the jump of an atom from one site to the next. Because 
of the relative openness of the germanium lattice, 
one might surmise that elastic terms are actually less 
important than the contribution from the breaking of 
covalent bonds. We may, however, compare the value 
given by his theory to that obtained experimentally 
and thereby estimate the applicability of the theory 
to the present case. With these reservations, we may 
compute the frequency factor for self-diffusion in 
germanium by use of the expression 


Do=ya*v exp(AS/R) cm?/sec, 


where y is determined by the geometry of the lattice 
and equals , a is the lattice parameter (5.66 A),! v is 
the (Debye) vibration frequency, and AS is the entropy 
of activation. The latter quantity may be estimated 
from Zener’s relationship, AS=—dHd(u/uo)/dT, 
being a numerical coefficient less than, but of the order 
of, unity, H the activation energy for self-diffusion, u 
a suitable elastic modulus, and T the absolute tempera- 
ture. The data of Fine and of Baker, Slifkin, and 
Marx" on the elastic moduli of germanium and the 
specific heat data of Keesom and Pearlman!® permit the 
computation of the theoretical entropy of activation 
and the pre-exponential part of the frequency factor, 
respectively. Assuming \ to be unity, the former is 
9.0 cal/mole-deg and the latter, 3.0X10-* cm*/sec. 
One arrives at the calculated frequency factor, 0.27 
cm?/sec. The experimentally determined value of this 
quantity is 7.8+3.4 cm?/sec. If it is assumed that an 
additional contribution to the entropy of activation 
arises from effects not accounted for in this treatment, 
then the experimental value may be fitted by adjusting 
the value of the entropy to 16 cal/mole-deg. Since large 
errors in the pre-exponential part of the frequency 
factor are unlikely, this may be termed the’ experi- 
mental entropy of activation. 

Fuller and Severiens* found that the frequency factor 
in the case of diffusion of lithium ion in germanium is 
2.5X10-* cm?/sec. Although the agreement of this 
number and the pre-exponential part of the frequency 
factor calculated above is quite likely fortuitous, it 
leads to the conclusion that the motion of that small 
ion in the germanium lattice involves an entropy of 
activation which is essentially zero (under the assump- 
tion that v for interstitial lithium is of the same order 
as that value used above). This may be taken as 
evidence that that ion diffuses by an_ interstitial 
mechanism. On the other hand, the frequency factors 
associated with the diffusion of the common substitu- 
tional impurities and self-diffusion in germanium are 

12 A. Smakula and J. Kalnajs, Phys. Rev. 99, 1737 (1955). 

3M. E. Fine, J. Appl. Phys. 24, 338 (1953). 


4 Baker, Slifkin, and Marx, J. Appl. Phys. 24, 1331 (1953). 
16 P. H. Keesom and N. Pearlman, Phys. Rev. 91, 1347 (1953). 
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of the order of ten. The fact that these are at least two 
thousand times greater than the calculated pre-exponen- 
tial part of the frequency factor is a strong indication 
that a relatively large entropy of activation is involved 
in the diffusion of atoms of these elements. 

If we assume that thermal acceptors are vacancies, 
then the energy of formation of a vacancy is about 
2 ev.® Since the activation energy for self-diffusion 
should be the sum of the energy of vacancy formation 
and the activation energy for vacancy motion, we can 
estimate the activation energy for the motion of a 
vacancy to be about 1 ev. It would be impossible, of 
course, for lithium, copper, or nickel to diffuse by the 
vacancy mechanism if this estimate is correct in view 
of the fact that the activation energies in these three 
cases are less than one electron volt. 

Taking the acceptor density as a function of tempera- 
ture determined by Mayburg and Rotondi® as the 
density of vacancies in the lattice, we are then able to 
compute the entropy of formation of a vacancy, ASy. 
The pre-exponential factor in their expression is just 
N, exp(AS;/R), where NV, is the density of sites in 
germanium. From this expression, we find that the 
entropy of formation of vacancies in germanium is 
4 cal/mole-deg. Since the activation entropy for 
self-diffusion is the sum of the entropy of formation of 
a vacancy and the entropy of activation for the motion 
of a vacancy, we obtain the latter by subtraction. 
The entropy of motion of a vacancy in germanium is 
estimated to be 12 cal/mole-deg. 

The evidence presented here leads one to conclude 
that diffusion in germanium can occur by either 
interstitial or vacancy mechanisms but that self- 
diffusion probably occurs by the latter process. Data 
obtained in investigations of thermal conversion as 
well as studies of impurity diffusion appear to be 
consistent with these conclusions. Such mechanisms 
as simple interchange or ring diffusion are considered 
to be unlikely because of the nature of the germanium 
lattice. The simplicity and applicability of the concept 
has encouraged us to assume throughout that the 
defect responsible for thermal conversion is probably 
associated with self-diffusion in germanium. 
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A thorough magnetic investigation of beta-uranium hydride has been carried out. The curve of reciprocal 
paramagnetic susceptibility against temperature generally follows the Curie-Weiss law and shows the same 
curvatures near the Curie point and at high temperatures as do the data for the ferromagnetic elements above 
their Curie points. A considerable number of magnetization curves have been obtained for a wide range of 
temperatures. Three methods were used for deducing the spontaneous magnetization for comparison. The 
curve of reduced spontaneous magnetization against reduced temperature lies very close to the curves of 
iron, nickel, and cobalt. The paramagnetic Curie temperature, 173°K, is about 8°K lower than the ferro- 
magnetic Curie point. The number of electron spins per molecule obtained from the saturation magnetization 
and from the temperature dependence of the paramagnetic susceptibility shows the same discrepancy as do 
the ferromagnetic elements. Three hystereses loops at about 161.1°K, 75°K, and 4.2°K and the coercive 
forces from about 170°K down to 4.2°K have been obtained. The magnetocrystalline anisotropy constants 
for the whole low-temperature range calculated from the magnetization curves and from the coercive forces 


agree in order of magnitude. 





INTRODUCTION 


URE ferromagnetic elements are much simpler for 
theoretical studies than alloys because no alloying 
complexities and inhomogeneities of constituents are 
introduced and the exchange interactions are also much 
simpler. For example, from many studies! of ferromag- 
netic alloys it has been evident that alloys (with almost 
no exception, at least for binary nickel alloys) do not 
obey the law of corresponding states? predicted by the 
quantum modification of Curie-Weiss theory. But this 
law applies much better to the pure elements Fe, Ni, and 
Co. Even for these elements the experimental data still 
show significant deviations from the theoretical predic- 
tions. In general, the experimental values of the reduced 
magnetic moments are lower at low temperatures and 
higher at high temperatures than the theoretical results. 
If more ferromagnetic elements could be found we would 
have greater opportunity to test the law. 
Beta-uranium hydride has recently been reported to 
be ferromagnetic.’ Although the hydride is not an 
element, it is a definite compound with metallic prop- 
erties. Another advantage is its low Curie point which 
makes the paramagnetic state easier to study. Gruen‘ 
has measured its paramagnetic susceptibility above the 
Curie temperature and Henry and Gruen’ its saturation 
magnetization at low temperatures. The results seem not 
entirely consistent with those obtained by Trzebiatowski 


*This work was carried out under contract with the U. S. 
Atomic Energy Commission and presented in part at the Confer- 
ence on Magnetism and Magnetic Materials, Pittsburgh, Pennsy]- 


vania, June, 1955. 

1J. J. Went, Physica 17, 596 (1951); D. J. Oliver and W. 
Sucksmith, Roy. Soc. Proc. (London) A219, 1 (1953). 

2 This is the well-known universal relation between oo, r/c, 9 and 
T/@;, oo,r being the spontaneous 4 at T°K, ow, the 
absolute saturation moment, and 6, the Curie temperature in °K. 

8 Trzebiatowski, Silva, and Stalinski, Roczniki Chem. 26, 110 
(1952); 28, 12 (1954). 

4D. M. Gruen, Chemistry Division, Argonne National Labora- 
tory (private communication). 

§ W. E, Henry and D. M. Gruen, Phys. Rev. 98, 1200(A) (1955). 


and his collaborators.’ It is worth while to make a 
thorough study of this new material. 


PREPARATION AND STRUCTURE OF URANIUM 
HYDRIDE 


The uranium hydride samples were prepared with 
hydrogen generated from a larger batch of uranium 
hydride, obtained by the reaction of tank hydrogen with 
scrap uranium turnings. The tubes containing the 
sample and the scrap were connected by ground glass 
joints to a glass line which included a mercury bubbler, 
serving also as a manometer. The glass line could be 
connected by a stopcock either to vacuum or to a tank 
of hydrogen. 

The big sample for high-temperature measurement 
was prepared in a flat-bottom Pyrex tube of 8-mm i.d. 
This sample tube was at the end of a long tube, whose 
other end was provided with a ground glass joint. 
Turnings from electrolytic uranium were etched with 
1:1 nitric acid, rinsed with water and acetone, air-dried, 
weighed (1.00 g), and placed in the glass tube which was 
immediately connected to the line. The tube containing 
the uranium scrap was already connected to the line 
before the connection of the tube containing the sample. 
The system was evacuated, following which the hydro- 
gen was admitted and the scrap heated for hydriding. 
Cessation of hydriding of the scrap was followed by 
evacuation before hydriding of the sample. The sample 
was hydrided twice, with intermediate decomposition. 
Hydriding was in the range of 250-300°C maintained in 
a Hevi-Duty split-tube furnace, readily maneuvered 
around either the charge or scrap tube. In this tempera- 
ture range the hydride should come out in the form of 
beta-uranium hydride.® 

The progress of hydriding and dehydriding of the 
samples could be observed. Hydriding appeared quite 
rapid, but an additional two-hour exposure to hydrogen 


( “ee Ellinger, and Zachariason, J. Am. Chem. Soc. 76, 297 
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was provided to ensure complete hydriding. Suitable 
hydrogen pressure, observed on the bubbler, was main- 
tained by heating the scrap. The sample was sealed 
under the vacuum obtained by the cooling and re- 
hydriding of the scrap. 

The main feature of the preparation of the small 
sample for low-temperature measurement was the in- 
corporation of a closely fitted plunger which could be 
manipulated through a Wilson seal so as to reach the 
bottom of the sample tube. This plunger permitted 
compacting of the hydride; its lowermost portion was 
sealed with the sample in the tube to minimize the dead 
space remaining above the hydride. This sample tube 
was prepared from Pyrex tubing drawn down to a bore 
of 35 mils. (The outer diameter was about 2 mm). The 
uranium wire fitted loosely in this tube, having a diame- 
ter of 18 mils. It was 7’; in. long and weighed 29.5 mg. 

Hydrogen was generated in the usual way from a 
larger batch of uranium hydride prepared from scrap 
uranium turnings and tank hydrogen. After the first 
hydriding, the uranium wire was decomposed. The 
second and final hydriding was then carried out for over 
five hours. The plunger was then brought to bear on the 
sample. The tube was sealed under an atmosphere of 
hydrogen with the lowermost portion of the plunger 
remaining in the tube and minimizing the dead space 
above the sample. The glass immediately above the 
sample tube was recovered and analyzed to check against 
the possible loss or uranium if the sample was blown 
upward during the intermediate dehydriding. 

Uranium hydride’ forms a compound, UHs, of definite 
composition with metallic properties. The bonding be- 
tween uranium and hydrogen plays a predominant role 
and the metal-metal bonds are almost lacking. 

The hydride is cubic, a= 6.631 A, with two types of 
uranium atoms per unit cell, two atoms at 000, 3, 3, 3 
and six atoms at }, 0, 3; 3, 4, 0; 0, 3, 4; %, 9, 3; 0, 3, 3; 
3, 3, 0; the hydrogens lie in distorted tetrahedra, 
equidistant from four uranium atoms. Each uranium 
atom has twelve nearest hydrogen atoms. The x-ray 
density is 10.92 g/cc. 


THE MAGNET 


The newly designed Helmholtz magnet® has been used 
for all the measurements above and below the Curie 
point. As the field and the gradient of the magnet are 
separately controlled, the Curie method was adopted to 
measure the intensity of magnetization below the Curie 
point by using a small gradient of a few oersteds per 
centimeter. In this way the whole sample was in an 
almost uniform field and hence in stable equilibrium. 
The main field was calibrated by the usual search coil 
and the gradient by a special differential coil. The two 
coils making up the differential coil were carefully 

7R. E. Rundle, J. Am. Chem. Soc. 69, 1719 (1947); 73, 4172 


1951). 
8S. T. Lin and A. R. Kaufmann, Revs. Modern Phys. 25, 182 


(1953) 
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designed to measure fields at their respective center 
points. The two coils were wound on a single agate 
frame. The distance, about } in. between the two 
centers, was accurately measured. The constants of the 
coils were calibrated by the proton resonance method. 
The fields and gradients calibrated by search coils were 
checked by using the conventional standards such as 
Mohr’s salt and pure iron. The results were in very good 
agreement. During each measurement the main field 
was kept constant and the gradient was changed in 
polarity. The correct force on the specimen was taken 
as the difference of the forces for the two directions of 
the gradient divided by two. The advantages of this 
method are to eliminate the errors due to variation of 
the initial reading of the balance, buoyancy differences, 
and condensation at very low temperatures. The most 
important advantage is to eliminate completely the 
small gradient of the main field, which varies with the 
load and nonuniform water cooling. Sometimes under 
unfavorable conditions the absolute values of each 
single reading with different polarity of the gradient 
could be very different, but the mean differences are 
still the same. It is believed that the accuracy of this 
method of measurement is very high. 


THE MICROBALANCE 


A primary standard is desirable for the measurement 
of force on the specimen. It was decided that the 
measurement should be carried out in vacuum and 
therefore a special microbalance, designed and con- 
structed by the Ainsworth Company,’ was procured. 
The sensitivity of the balance is 5 micrograms and the 
capacity about 25 grams. 

By using simple worm and gear arrangements it is 
possible to manipulate 201 milligrams of multiriders 
from outside of the vacuum chamber. This is ac- 
complished by several shafts which emerge from the 
vacuum chamber through Wilson seals and which are 
coupled to the worm gears by step joints. 


THE FURNACE 


A water-cooled molybdenum furnace was used for the 
production of high temperatures. The No. 20 s.w.g. 
molybdenum wire was wound on a grooved alundum 
tube about 1 in. i.d., 14 in. 0.d., and 24 in. long. The 
winding was about 12 in. in length. The grooved tube 
was covered with alundum cement and was surrounded 
by two alundum tubes and two thin molybdenum sheets 
alternately. The molybdenum sheets served as radiation 
shields and at the same time helped to equalize the 
temperature throughout the length of the furnace. The 
whole system was put in a water-cooled brass jacket. 
The temperature was regulated by the usual mechanical 
controller and measured by a platinum-platinum and 10 
percent rhodium thermocouple which was fixed inside 
and at the middle of the grooved alundum tube. Within 


9 W. Ainsworth and Sons, Inc., Denver 2, Colorado. 
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Fic. 1. Variation of susceptibility above the Curie temperature. 


about 1 in. of the middle of the winding, the temperature 
was very uniform. 


THE DEWAR 


All the temperatures between room and liquid nitro- 
gen temperature were obtained by a liquid nitrogen 
Dewar and a heater installed in the Pyrex guide tube 
which formed a part of the vacuum chamber and was 
inserted in the Dewar. The heater was made out of a 
copper tube about 7 in. long which was wound with No. 
30 B. and S. Ga. enameled constantan wire. By re- 
peatedly adjusting the height of the liquid nitrogen 
surface and the current of the heater, the temperature 
could be kept constant for several hours without 
difficulty. Liquid helium temperature was obtained by a 
Pyrex liquid helium Dewar installed inside the liquid 
nitrogen one. The Dewars were conveniently arranged 
for refilling. The temperature was measured by a copper- 
constantan thermocouple which was soldered to the 
copper heating chamber. 


EXPERIMENT 


A. Experimental Results of the Measurements 
above the Curie Point 


Susceptibility measurements have been carried out 
for the temperature range from 191°K up to 572°K. 
Except near the lower extremity of this temperature 
range, the susceptibility values are independent of the 
magnetic fields up to 12000 oersteds. The results, 
corrected for container and diamagnetism of uranium 
ions, are shown in Fig. 1. 

The curve of reciprocal susceptibility against temper- 
ature is concave at high temperatures and convex 
toward the temperature axis near the Curie point. The 


middle part of the curve is almost a straight line. 
Although many paramagnetic substances satisfy the 
Curie-Weiss law almost completely, this general type of 
curvature is the usual characteristic of ferromagnetic 
elements above their Curie points. Fallot! carefully 
measured the susceptibility of Ni above its Curie 
temperature and obtained a 1/x—T curve which is very 
similar to the present one. According to Stoner’s'! 
treatment based on collective electron theory, the 
1/x—T curve near the Curie point should be convex 
toward the temperature axis. But it should be noted 
that in the present case the curve lies beneath the 
extended straight line from the linear part of the curve 
instead of above it as predicted by the theory. An 
attempt has been made to fit the concave part of the 
curve at high temperatures to the formula 


x—a=C/(T-—86,), (1) 


but no suitable value of a could be found to account for 
the major part of the curve. 

The extrapolated straight line from the linear part of 
the curve meets the temperature axis at about 173°K, 
which is considered to be the paramagnetic Curie 
temperature, 6. 


B. Method and Experimental Results of the 
Measurements Below the Curie Point 


1. Method of Measurement 


As the conventional standard ballistic method is not 
convenient for measurements at high fields and low 


 M. Fallot, J. phys. radium 5, 153 (1944). 

1 E. C. Stoner, Proc. Roy. Soc. (London) A165, 372 (1938); 
Phil. Mag. 25, 899 (1938); Proc. Roy. Soc. (London) A169, 339 
(1939); Phil. Mag. 28, 527 (1939). 
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temperatures, the intensity of magnetization has been 
measured by the Curie method by using a small 
gradient combined with the main field. The advantages 
of the present method are: (1) use of a very small 
sample; (2) no need to take the sample out of the field 
or to turn off the field, which is very inconvenient for 
high fields; (3) no need to put the sample in a cyclic 
state for each change of field as required by some other 
methods; (4) convenience of working at very low 
temperatures. The disadvantages are (a) the poor 
stability at very high fields, as a result of which the 
maximum field used was about 21 000 oersteds (b) inac- 
curacy of measurements at very low fields because a 
gradient, although small, must be used. 

Before the beginning of the measurement at each 
temperature, the sample was warmed to room tempera- 
ture to eliminate residual magnetism. In order to deduce 
the spontaneous magnetization from H—T curves for 
constant magnetization, extensive data have been taken 
and a large number of isotherms at very small tempera- 
ture intervals have been obtained. The data are too 
extensive to publish. Only a few of the magnetization 
curves are shown in Fig. 2 for clarity. All the measure- 
ments were not corrected for the demagnetizing force. 


2. Deduction of Spontaneous Magnetization 


Three methods of deduction of the spontaneous 
magnetization have been used and the results are shown 
in Fig. 3. Curve I was obtained by linear extrapolation 
from the isotherms at high fields to H=0. Curve II was 
calculated from the isotherms by using the formula 


CH, T= 4970, r+aH —b/H?, (2) 


applied to high fields. Curve III was obtained from 
linear extrapolation of H—T curves for constant 
magnetization at high fields to H=0. 

Since the magnetizations are far from saturation, 
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s. 3. Variation of magnetization with temperature. 


Curve I lies beneath Curve IT, especially at low temper- 
atures. The method of obtaining Curve I is eventually 
equivalent to that of Curve II with the term b/H? 
omitted. However, in the present case the fields are not 
high enough for the term 6/H? to be neglected. It is 
interesting that Curves II and ITI are very close to each 
other. This may indicate that both methods could be 
applied to the present case. It has been well established 
that the term b/H? is due to the magnetocrystalline 
anisotropy, which opposes the rotation of the magnetiza- 
tion vector toward the external field direction. The 
calculated values of b and hence the anisotropy constant 
K are fairly large. This indicates that the term b/H? 
can not be neglected and explains why Curve I lies 
beneath Curve II, especially at lower temperatures at 
which the anisotropy constants are higher. 


3. Test of the Law of Corresponding States 


The absolute saturation magnetization o.,9 was ob- 
tained at low temperatures by plotting o7,9 from 
Curve III of Fig. 3 against 7? and linearly extrapolating 
to 7?=0. The value was found to be 20.8 cgs units per 
gram. The ferromagnetic Curie point 6; was obtained by 
plotting o*., 7 against T and linearly extrapolating to 
on, r=0. The value obtained was 181°K. The curve of 
the reduced spontaneous magnetization against the 
reduced temperature obtained from the values of ow, 7, 
6;, and Curve III, is shown in Fig. 4. Since the reduced 
curve derived from Curve II of Fig. 3 is almost the same 
as that from Curve III, it is omitted for clarity. For 
comparison, the data for iron, nickel, and cobalt, and 
the theoretical curve for J=4, are also shown in the 
same figure. The curve for UH; lies very close to those 
for the ferromagnetic elements. 
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Fic. 4. Temperature dependence of the saturation magnetiza- 
tion of beta-uranium hydride, iron, cobalt, and nickel, as 
compared with theory. 


4. Hysteresis Loops and Coercive Forces 


The Curie method has been used for hysteresis 
measurements. The sample used here was the same one 
that was used in magnetization measurements. Since it 
was not convenient to reverse the polarity of both 
generators, only about 16 000 oersteds was used for the 
maximum field strength and about 4 oersteds per cm for 
the gradient. The coercive forces have been measured 
from about 191°K down to 4.2°K and three typical 
hysteresis loops were determined at 4.2°K, 75°K, and 
161°K. The coercive force data are shown in Fig. 5. For 
comparison, the three loops are shown in Fig. 6. The 
peculiar features are the big loops and the high coercive 
forces, especially at helium temperature. The coercive 
force decreases rapidly with increasing temperature at 
low temperatures. The general appearance of the curve 
of coercive force as a function of temperature is very 


TaBLeE I. Characteristics of the ferromagnetic elements and beta- 
uranium hydride.* 








Fe Co Ni Gd 
26 27 28 64 


B-—UHs 





92 
(atomic number of U) 
241.1 


55.84 58.94 58.69 157.3 


(molecular weight) 


Ferromagnetic 
67°C 770 358 16 
oo 221.7 57.6 254 
a 2.217 0.605 7.14 


Paramagnetic 
temp. range, °C 


6» °C 820 
Ca 1.265 
i(r+2)(p)r 3.37 








* Z, atomic number; A, atomic weight; 67, ferromagnetic Curie tempera- 
ture; oo, specific saturation magnetization extrapolated to absolute zero; 
@s, corresponding number of parallel electron spins; T range, range over 
which the relation Ca/(T —6p) holds approximately ; 6p, paramagnetic Curie 
temperature; Ca, Curie constant per gram atom; (¢p)r, corresponding num- 
ber of electron spins, coupled to give a carrier moment of rus (for Gd, if 
r=7; dp =6.97). 


similar to that for fine particles of Ni obtained by Weil 
and Marfause,' but the magnitude is about ten times 
larger. 


DISCUSSION OF RESULTS 


From the absolute saturation value o~,o, the number 
of electron spins per molecule, /, may be immediately 
calculated : 


f=0,0M/M p= 20.8X 241.09/5.585 X 10° = 0.898, 


where M is the molecular weight of UH;, and Mz the 
Bohr magneton value per mole. Since the reduced 
spontaneous magnetization curve (Fig. 4) is very close 
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Fic. 5. Dependence of the coercive force on the temperature. 


to the theoretical curve with J=}, the ferromagnetism 
of UH; at low temperatures is evidently due to inde- 
pendent electron spins. According to Stoner’s® sug- 
gestion, the number of electron spins per atom (q,), 
calculated from the paramagnetic susceptibility on the 
assumption that each carrier consists of r spins in 
parallel coupling can be expressed as follows: 


4(r+2)(qp)r=RCa/M ?=2.665C 4, 


where R is the gas constant per mole, C4 the Curie- 
Weiss constant per mole, and M gz is the gram molecular 


Bohr magneton. Knowing the number of spins in parallel 


2 L. Weil and S. Marfause, J. phys. radium 8, 358 (1947). 
18 FE. C. Stoner, Repts. Progr. Phys. 11, 79 (1946-47). 
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Fic. 6. Hysteresis loops at different temperatures: (1) 4.2°K; (2) 75.0°K; (3) 161.1°K. 


coupling, we can calculate the number of electron spins 
(gp)r per atom. For comparison of the full magnetic 
behavior of UH; with that of the other ferromagnetic 
elements, we reproduce the table compiled by Stoner" 
and put the new data in it. (See Table I.) 

It is to be noted that the difference 6, and 6; for UH; 
is smaller than for the other elements, but in the 
case of UH; @;>8, which is contrary to the situation for 
the other elements. But this is not the only case. Ferro- 
cobalts show the same behavior. Now it would be better 
to emphasize here that owing to the different intensities 
of magnetization of the ferromagnetic and paramagnetic 
states it would be very difficult to use the same sample 
for all the measurements. The samples for low-tempera- 
ture and high-temperature measurements were different 
although the uranium used for both samples was very 
pure (but from different sources), and the packing 


density for the low-temperature experiment was much 
higher than that for the high-temperature experiment. 
We wonder whether these different packing densities 
and the different sources of the samples may cause some 
difference in Curie temperatures. 

Since the same sample has been used for coercive 
force and magnetization measurements for different 
temperatures, we can compare the magnetocrystalline 
anisotropy by these two different methods. For an 
ensemble of single-domain particles of cubic crystals, 
like iron, oriented at random, Néel' obtained an ex- 
pression for the coercive force 


H,=0.64K/I,, (3) 
where K is the magnetocrystalline anisotropy constant 
related to the magnetocrystalline energy by the 

4L. Néel, Compt. rend. 224, 1488 (1947). 
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Fic. 7. Dependence of the anisotropy constant on 
the temperature. 


equation 
W=K (8+ By'+ ye"), 


where a, 8, and y are the direction cosines of the 
spontaneous magnetization with respect to the three 
axes of the cubic crystal, and 7, is the saturation 
magnetization per cc. 

Since UH; has been reported as having a cubic 
structure, Eq. (3) may be used for estimating the order 
of magnitude of the anisotropy constant K. The values 
obtained are plotted in Fig. 7 (Curve IT). As mentioned 
previously, the term b/H? has been interpreted as due to 
the effect of magnetocrystalline anisotropy. In poly- 
crystalline material with grains (cubic) oriented at 
random, the constant b'® may be calculated by averaging 
over all possible orientations. The result is 


b=0.0762K°/T,. (4) 


Using the values of } calculated by fitting Eq. (2) to the 
magnetization, and Eq. (4), we can estimate the value 
of K for comparison with that obtained from Eq. (3). 
The results are shown in Fig. 7 (Curve I). The two sets 


16N. §. Akulov, Z. Physik 69, 822 (1931); R. Raus, Ann. 
Physik 15, 28 (1932). 
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of values agree in order of magnitude. From about 
130°K down to liquid helium temperature, the general 
form of the two curves is similar but the absolute values 
of Curve I are about two times larger than that of 
Curve II. In the neighborhood of the Curie point, the 
deviations are still larger. 

It should be noted that the accuracy of Curve I is 
worse than that of Curve II. This is also evident from 
the scatter of points around Curve I, especially in the 
neighborhood of Curie point. 

We have tried to use the more general formula 


o=o0o+aH—C/H—b/H? (5) 


to fit the curve, but the data are not accurate enough to 
permit the use of four parameters so the constant ob- 
tained was very irregular. From the work of Polley'*® for 
nickel, the constant C is almost constant for a large 
range of temperature. We fixed a suitable value of 
9X 10° for C and then solved the general equation for the 
other three parameters. The results are that the values 
of o«,r change slightly, and the K—T Curve I’ (see 
Fig. 7) obtained from constants 6 in Eq. (5) is closer to 
Curve II. 

From the general agreement of the values of K from 
Eqs. (3) and (4), we may conclude that the high 
coercive force is accounted for by the high magneto- 
crystalline anisotropy. 

Figure 3 indicates that the spontaneous magnetiza- 
tion calculated by applying the general formula (5) to 
high magnetic fields is in good agreement with that 
obtained from the linear extrapolation of the H—T 
curve for constant magnetization at high fields. 

The experimental result showing in Fig. 4 that the 
UH; curve lies very close to the curves of iron, nickel, 
and cobalt indicates that the modified quantum Curie- 
Weiss theory can be applied successfully not only to the 
pure ferromagnetic elements but also to the ferromag- 
netic compounds. However, the agreement between the 
theory and the present experiment is as unsatisfactory 
in detail for uranium hydride as for the other ferro- 
magnetic elements. The curve of 1/x against T above 
the Curie point is not completely linear as predicted by 
the theory. The reduced spontaneous magnetization 
curve shows deviations from the theoretical one, and the 
number of electron spins per molecule obtained from the 
saturation magnetization and from the temperature 
dependence of paramagnetism are not in agreement. 
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The effect of doubly charged impurity sites on the mobility of 
carriers in Ge has been observed in both equilibrium and photo- 
conductivity measurements. For equilibrium studies Zn-doped 
samples were used. Zn is a double-acceptor impurity in Ge, in- 
troducing levels at about 0.03 ev and 0.09 ev from the valence 
band. Studies of the magnitude of mobility indicate that the 
scattering cross section for holes from doubly charged Zn sites 
is approximately four times that for holes from singly charged 
Ga sites. 

For n-type Ge crystals containing Fe, Ni, Mn, or Zn impurity 
sites, charged doubly negative by compensation, high light-level 
photoconductivity experiments indicate that an increase in the 


steady-state free electron concentration is associated with a 
corresponding increase in mobility. This mobility increase is 
attributed to a decrease in charge from two to one units at the 
sites of trapped holes. Its magnitude is consistent with a Z? 
dependence for charged impurity scattering. In heavily doped 
crystals, the mobility change represents an appreciable fraction 
of the conductivity change. On saturation of hole trapping (ap- 
proximated in Fe- and Mn-doped samples), the concentration of 
trapped holes is observed to be approximately equal to the known 
double-acceptor impurity concentration. Thus hole trapping may 
be unambiguously identified with specific double-acceptor 
impurities. 





I. INTRODUCTION 


ERTAIN low-solubility impurities introduce two 

deep acceptor levels in the forbidden band of 
germanium.!? The double-acceptor nature of these im- 
purities has been inferred from the fact that the two 
impurity levels are present in about the same concentra- 
tions and from photoconductivity experiments, whose 
interpretation is simplified by the assumption of 
doubly charged impurity sites.* In general, the solubili- 
ties of these impurities are so low that it is difficult to 
show directly from mobility studies that the impurity 
sites are doubly charged. Quantitative demonstration 
of this would dispose of any possibility that the two 
acceptor levels associated with a given impurity are 
due to atoms at different types of sites in about the 
same concentrations. 

In the first part of this paper, evidence is presented 
which indicates that Zn acts as a double-acceptor im- 
purity in Ge with a maximum solubility, considerably 
higher than that of the other double-acceptor impurities 
investigated heretofore. Hall coefficient studies indicate 
that the two impurity levels associated with Zn exist 
in about the same concentration. Evidence that the 
Zn atoms may occur either in neutral, singly, or doubly 
charged states depending on temperature and degree 
of compensation, is obtained from the temperature 
dependence of mobility for a variety of samples. The 
magnitude of scattering from doubly charged Zn sites 
is shown to be about four times that from singly charged 
Ga sites, by careful comparison of mobilities for a 
series of Zn-doped crystals with mobilities for a series 
Ga-doped crystals. 

The remainder of this paper is concerned with photo- 


1 For the properties of Au-doped Ge see W. C. Dunlap, Jr., 
Phys. Rev. 97, 614 (1955). 

2 For properties of Fe-, Ni-, Co-, and Mn-doped Ge see: W. W. 
Tyler and i H. Woodbury, Phys. Rev. 96, 874 (1954); Tyler, 


Newman, and Woodbury, Phys. Rev. 97, 669 (1955) and 98, 461 
(1955); H. H. Woodbury and W. W. Tyler, Phys. Rev. 100, 659 


(1955). 
3 W. W. Tyler and R. Newman, Phys. Rev. 98, 961 (1955). 
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conductivity in Ge crystals containing double-acceptor 
impurities. Previous studies had led to the conclusion 
that hole trapping is the important photoconductive 
process in such crystals. The strongest evidence for 
this conclusion was obtained from studies of the Hall 
coefficient of optically excited carriers’ in high resis- 
tivity ”-type samples. It was observed that as a result 
of intrinsic optical excitation, producing electron-hole 
pairs, only the electrons were mobile, the holes being 
trapped. In these experiments it was assumed that the 
holes were trapped at the double-acceptor sites. 

In the present work the emphasis is placed on high 
light-level experiments on low-resistivity n-type crystals 
doped with Fe, Ni, Mn, or Zn, with sufficient counter- 
doping to insure that the concentration of Sb or As is 
greater than twice the concentration of the specific 
double-acceptor impurity. Thus, in equilibrium, at low 
temperature, the double-acceptor impurity sites are 
all doubly charged negatively and the concentration 
of available hole traps is known. For Fe- and Mn-doped 
samples, with the light source used, hole trapping may 
be almost saturated in the sense that most of the 
impurity sites have been converted from doubly to 
singly charged. This identification of the known concen- 
tration of specific impurity sites with the concentration 
of trapped holes precludes the possibility that uncon- 
trolled impurities or imperfections in the crystals are 
responsible for the photosensitivity. The magnitudes of 
mobility changes which are associated with the trapping 
of holes at the double-acceptor sites give further con- 
firmation of the model. 


II. EQUILIBRIUM MEASUREMENTS 
A. Instrumentation and Temperature Scale 


Most of the data to be presented were obtained using 
a single Dewar cryostat with instrumentation and tech- 
niques which have been described.? Temperature meas- 
urements were made with a copper-constantan thermo- 
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Fic. 1. Temperature dependence of resistance for the Zn-doped 
Ge thermometer, sample 100A. The sample was calibrated 
against the vapor pressure of hydrogen. Open circles represent 
the first calibration; closed circles represent a recalibration after 
four cycles between 300°K and 14°K. 


couple whose calibration‘ was checked against vapor 
pressure in the nitrogen and hydrogen regions. The 
lowest temperature obtained using the single Dewar 
cryostat was 25°K. 

Near the completion of the work on Zn-doped 
crystals, a double Dewar cryostat was built. With 
this cryostat, using liquid hydrogen in the inner Dewar, 
measurements have been made down to about 14°K, 
the triple point of hydrogen. The instrumentation and 
method of preparing and mounting samples for Hall 
coefficient and resistivity measurements were similar 
to that described before.* In the region from 14°K to 
20°K temperature measurements were made using a 
calibrated Zn-doped Ge crystal’ whose resistivity- 
temperature dependence is characteristic of the 0.03-ev 
level. (See text below.) Figure 1 shows this resistivity- 
temperature dependence as determined by calibration 


* We are indebted to W. DeSorbo for providing the constantan 
wire and calibration. 

5Ge crystals doped with the appropriate impurities have 
several advantages as thermometers. As indicated in Fig. 1, 
very high sensitivity is attainable over restricted temperature 
ranges and the calibration is quite stable. The particular Zn-doped 
thermometer in use has been cycled many times between room 
temperature and 14°K with no observable change in calibration. 
The variety of impurity levels now identified in Ge permits 
fabrication of thermometers having high sensitivity over re- 
stricted temperature ranges for any temperature region from room 
temperature to about 4°K. Below 4°K, banding effects [See 
H. Fritzsche, Phys. Rev. 99, 406 (1955); F. J. Darnell and S. A. 
Friedberg, Technical Report No. 1, Carnegie Institute of Tech- 
nology, June 30, 1955 (unpublished)] in even the purest Ge 
crystals will evidently cause a saturation of resistivity and loss 
of sensitivity. 
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against the vapor pressure of hydrogen. Fused In was 
used for electrical contact to the thermometer. Both 
the thermometer and sample under study were fastened 
to the sapphire sample holder using ‘calorimeter 
adhesive’” and thus have similar thermal contact to the 
sample holder. 


B. Hall Coefficient Measurements on 
Zn-Doped Crystals 


Dunlap‘ has reported that Zn introduces an acceptor 
level in Ge at about 0.03 ev from the valence band. 
In view of the 4s? electron configuration in Zn, it 
seemed reasonable, in analogy with subsequent observa- 
tions* for Fe, Co, Ni, and Mn, that Zn should introduce 
two acceptor levels in Ge. This has been confirmed; 
the other level appears at about 0.09 ev from the 
valence band. 

Crystals were grown by the conventional method 
using New Jersey Zinc Company “spectroscopically 
pure” Zn for doping the melt. In order to show up the 
deep Zn level, an Sb-Ge alloy was used as counter- 
doping material to compensate the lower levels. To 
vbtain -type samples containing doubly charged Zn 
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Fic. 2. Hall coefficient vs temperature for three p-type, Zn- 
doped Ge crystals containing different Zn concentrations. Esti- 
mated carrier concentrations characteristic of plateau values in 
the Hall curves are indicated in the figure. Samples 45X and 97A 
are uncompensated ; sample 29£ is partially compensated. 


6 W. C. Dunlap, Jr., Phys. Rev. 96, 40 (1954). 





SCATTERING OF CARRIERS FROM 


atoms, sufficient Sb was used to compensate both of the 
Zn levels. Because of the relatively high rate of evapora- 
tion of Zn from the Ge melt, it is difficult to obtain 
accurate values of the distribution coefficient. The 
values of ko to be quoted were obtained by first melting 
the Ge, dropping the Zn pellet into the melt and 
immediately pulling the crystal. Hall coefficient meas- 
urements were made on a sample cut immediately 
adjacent to the seed. For several crystals, calibrated 
alloys of Zn and Ge were used to permit controlled 
doping with small quantities of Zn. The values of ko 
calculated for samples from 7 crystals ranged from 
3X10 to 5X10~, with a value of 4x 10~ considered 
representative.’:® 

Figure 2 shows Hall coefficient data for three samples 
which differ by a factor of 100 in Zn content. Unless 
noted, all Hall data to be presented were taken at 
6100 gauss. Samples 97A and 45X were grown from 
Zn-doped melts with no deliberate compensation. The 
temperature regions of “freeze-out” due to the two 
acceptor levels are each associated with about the same 
change in carrier concentration, 5.010" cm-* for 
97A and 2.1X10'*cm~ for 45X. These numbers are 
assumed to be the Zn concentrations. In the low- 
temperature region, the slope of the Hall curves 
for uncompensated samples does not approach the 
0.03-ev value which is observed to be characteristic 
of this level in samples which have been partially 
compensated. The tendency toward saturation of the 
Hall coefficient at the lowest temperatures in uncom- 
pensated samples seems to indicate the presence of 
about 2X10" cm~ uncontrolled low-ionization energy 
(0.01-ev) acceptor levels. Compensation of these un- 
controlled impurities and a fraction of the 0.03-ev Zn 
levels yields samples whose Hall coefficient curves 
follow a 0.03-ev slope with no tendency toward satura- 
tion. Sample 29£ contains about 3X 10 cm Zn atoms. 
Because of Sb counterdoping, about 2.919" cm of 
the Zn atoms have the lower acceptor level compen- 
sated. The observed slope of 0.033 ev is somewhat higher 
than the value reported by Dunlap.*® 

Figure 3 shows Hall coefficient data for a series of 
Zn-doped crystals from the same ingot, containing 


7J. A. Burton e al., J. Chem. Phys. 21, 1987 (1953), quoted 
the distribution coefficient of Zn in Ge as 0.01. This work is 
presented in greater detail by J. A. Burton ef al. in Bell Telephone 
Laboratories Report No. 38139 (unpublished). A better state- 
ment of these early experimental results would have been 2X 10-4 
<ko<2X10, with ko being of the order of 0.01 if the major 
fraction of Zn loss occurred before the Zn pellet dissolved in the 
melt and ko nearer the lower limit if the major Zn loss occurred 
gradually during the solidification of the crystal. Our experience 
indicates that no appreciably fraction of the Zn loss occurs 
immediately after doping the melt. We are indebted to J. A. 
Burton for providing us with a copy of BTL Report No. 38139. 

8 Note added in proof —Recently, Zn-doped crystals have been 
grown in a horizontal boat enclosed in a quartz tube which pre- 
cludes loss of Zn from the melt. Using this technique the value of 
ko obtained is 4.5-10~*. Although the maximum Zn concentration 
observed in crystals pulled from the melt was 2X 10"* cm™, single 
crystals containing 5X10!’ Zn atoms cm™ have been grown in 
the horizontal boat! 
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Fic. 3. Hall coefficient vs temperature for a series of Zn-doped 
crystals compensated with Sb. Sample 984A has part of the 0.03-ev 
levels compensated. Samples 98B1 and 98B2 have the lower levels 
completely filled. Sample 98C is n-type, having all the Zn levels 
compensated. (The dashed line indicates the temperature de- 
pendence of Hall coefficient for sample 98C on exposure to light, 
see text.) 


increasing Sb compensation ratios proceeding from 
A to C. Sample A has most but not all of the 0.03-ev 
levels compensated. Samples 98B1 and 98B2 contain 
sufficient concentrations of Sb to compensate all of the 
0.03-ev levels and some of the upper levels. The 
measured slope for each of these curves is 0.097 ev, 
characteristic of the upper Zn level. Values of this 
slope observed on other samples all lie between 0.09 
and 0.10 ev.” For sample 98C, all of the Zn levels are 


®R. Newman has studied photoconductivity in one Zn-doped 
sample in which the 0.03-ev levels had been compensated. The 
observed threshold for extrinsic photoconduction is consistent 
with the 0.1-ev value obtained from Hall coefficient measurements. 


1 The value of these energy levels at absolute zero temperature 
can be obtained by aahing the slope of the Ry vs 1000/T curve 
and correcting for the T! dependence of the density of states. 
This correction gives values for the energy levels approximately 
10% lower than the slopes of the Ry curve. When one applies 
this correction, the best values of these Zn levels are 0.030+-0.003 
ev and 0.090+0.005 ev. Any simple temperature dependence of 
the energy of these levels with temperature cannot be observed by 
this type of measurement. 
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Fic. 4. Hall mobility data for a series of Zn-doped crystals. 
Solid curves, shown for comparison, indicate the temperature 
dependence of mobility for a high-purity p-type sample (25A) 
and a Ga-doped sample (17C) containing about 1.6X10'* Ga 
atoms per cm’. 


compensated with an excess Sb concentration of about 
10cm. The rise in Hall coefficient on cooling is 
consistent with the ionization energy characteristic 
of Sb (0.01 ev), assuming 3.4X10'* cm~ Sb atoms of 
which about 2.4 10'* cm~ provide electrons to com- 
pensate Zn levels. The Zn concentration is approxi- 
mately 1.2 10'* cm. Hall coefficient measurements 
on a series of Zn-doped samples with varying concentra- 
tions of counterdoping impurity have yielded no 
evidence for levels other than the two acceptor levels 
described. 


C. Hall Mobility in Zn-Doped Crystals 


Figure 4 indicates the temperature dependence of 
Hall mobility (Rx/p at 6100 gauss) for a series of p-type 
Zn-doped samples. The line designated intrinsic repre- 
sents the temperature dependence of mobility (meas- 
ured at 6100 gauss) characteristic of a p-type sample 
in which impurity scattering is negligible (V4+Np<5 
X10" cm-*). Also shown for comparison with the 
Zn-doped samples is the solid curve representing the 
temperature dependence of mobility for an uncom- 
pensated Ga-doped sample, 17C, containing 1.6X 10'* 
Ga atoms per cm**. (Ry data for 17C is shown in Fig. 
5.) The mobility dependence shown in Fig. 4 for 974 
is characteristic of Zn-doped samples with no com- 
pensation. As this sample is cooled, its mobility becomes 
appreciably higher than the mobility of Ga-doped 
sample 17C even though their mobilities at room 
temperature are comparable. This difference in mobility 
is associated with the decrease in charge of the Zn sites 
as the sample is cooled. In particular, the variations 
in the mobility of sample 97A can be associated with the 
freeze-out of carriers into the 0.09-ev level in the region 


of 150°K and the freeze-out into the 0.03-ev level in 
the region 50°K. At low temperatures, the mobility 
of the lightly doped sample 29£ crosses that for 97A 
because of compensation which insures that about 
2X10“ cm~* charged scattering centers remain as 
sample 29E cools. At the temperature for which the 
mobilities of 97A and 29E are comparable, Fig. 2 indi- 
cates that the concentration of singly charged Zn 
atoms in sample 97A is also about 2X10"%cm-*. In 
contrast to uncompensated Zn-doped crystals, samples 
such as 98A and 98B2 show low mobility at low tem- 
perature because of the compensated Zn levels and 
ionized Sb sites. Samples 97A and 98A, for comparison, 
have approximately the same Zn concentration 
(5X 10'* cm~*). However, sample 98A contains in addi- 
tion about 4X 10" cm~ Sb atoms. 

Detailed comparison of 300°K mobility values for un- 
compensated Zn-doped crystals and Ga-doped crystals 
gives evidence that the Zn sites are doubly charged. 
Figure 6 shows values of 300°K mobility plotted as a 
function of Ga concentration. On the same figure are 
shown values of 300°K mobility for a series of uncom- 
pensated Zn-doped samples assuming the Z? scattering 
law, i.e., for each Zn-doped sample the value of the 
abscissa used in plotting the mobility is four times (Z*) 
the Zn concentration as determined from Hall data in 
the manner described. A correction was applied to the 
Zn data to account for the fact that at 300°K an 
appreciable fraction of the Zn sites are not doubly 
charged in the most heavily doped samples (see Fig. 2). 
As an example, this correction amounted to 12% 
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Fic. 5. Hall coefficient data for a group of Ge crystals which are 
discussed at various places in the text. (Note: “Sample 16C” 
should read “Sample 17C.’’) 
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for sample 97B. Because of these corrections and other 
uncertainties such as the magnetic field effects described 
below, an exact Z* dependence has not been established. 
However, it has been determined that Zn sites have a 
scattering cross section at least three times that of 
Ga sites and thus must be doubly charged. 

The data shown in Fig. 6 were all taken using the 
same equipment with a magnetic field of 6100 gauss. The 
samples and the fused In contacts were of approxi- 
mately the same size for both Ga-doped and Zn-doped 
samples. Thus although the absolute accuracy of 
mobility values may possibly be in error by as much 
as 10% due to sample geometry, size of contacts" 
or instrumental errors, the relative values should not be 
in error by more than 5%. 

For the near-intrinsic Ga-doped samples, values of 
Hall coefficient are dependent on the magnetic field.” 
On extrapolation of Hall coefficient data to high mag- 
netic field values, using results of Willardson et al.,” 
the mobility-concentration plot shows a plateau value 
at about 2000 cm*/volt-sec in the region of low im- 
purity concentration, in reasonable agreement with 
drift mobility measurements." (Conversely, this plateau 
value may be moved up to about 3500 cm?/volt-sec 
using 600-gauss data.) For samples of impurity con- 
centration in the region for which comparison is made 
in Fig. 6, from about 10'* cm~ to 10!’ cm~ and above, 
magnetic field effects (up to 6100 gauss) are negligible. 
This is probably because mobility values for both 
fast and slow holes have decreased to such an extent 
that the weak-field approximation is applicable even 
at 6000 gauss.” In the absence of knowledge concerning 
the dependence of the ratio of mobility of fast holes 
to slow holes on impurity scattering, it is not possible 
to deduce exact carrier concentrations from Hall 
coefficient data. Thus there may be some uncertainty 
in impurity concentrations quoted in this paper, all 
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Fic. 6. Solid circles represent the Hall mobility measured at 
300°K and 6100 gauss plotted against impurity concentration 
(Naa) for a series of uncompensated Ga-doped Ge crystals. The 
squares show mobility also at 300°K and 6100 gauss, for a series of 
uncompensated Zn-doped crystals plotted against 4Nzn, where 
Nan is the estimated Zn concentration. 


1 W. C. Dunlap, Jr., Phys. Rev. 79, 286 (1950). 
12 Willardson, Harman, and Beer, Phys. Rev. 96, 1512 (1955). 
18 M. B. Prince, Phys. Rev. 92, 681 (1953). 
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Fic. 7. Hall mobility vs temperature for two n-type Zn-doped 
samples. Hall coefficient data for 98C are shown in Fig. 3 and for 
104H in Fig. 5. Mobility data for intrinsic n-type Ge and for an 
uncompensated Sb-doped sample containing about 5X10'* Sb 
atoms per cm’ are shown for comparison. For 98C, the dashed 
curve indicates the affect of exposure to light on mobility (see text). 


of which have been calculated from the simple relation 
n= 1/Ruye. 

Figure 7 shows mobility data for n-type Zn-doped 
samples 98C and 104H compared with that for 99B, 
containing only Sb. For the n-type samples there is no 
method of obtaining the Zn concentration directly 
from Ry values. Because of the Zn evaporation problem, 
the most reliable method of obtaining Zn concentra- 
tions in n-type samples is by comparison with similarly 
positioned samples in crystals grown at the same rate 
with same initial Zn concentration in the melt but with 
no compensation.’ The Zn concentration is estimated 
to be about 1.2X10'*cm~“ for 98C and somewhat 
higher for 104H. The excess Sb concentration 
(Nsp—2Nzn) for 98C and 104H and the Sb concentra- 
tion for 99B may be obtained from the Hall coefficient 
curves of Figs. 3 and 5. Within the uncertainty of our 
knowledge of impurity concentrations for these Zn- 
doped samples, comparison of mobility values with 99B 
again indicates that the Zn sites must be doubly charged. 

Because of the strong impurity scattering in samples 
such as 98C and 104H and because the scattering is 
predominantly due to centers whose charge is not 
changing with temperature, it is of interest to look for 
the T! dependence predicted for charged impurity 
scattering.'® The direct observation of a possible 7! 

4 The assumption is made that the distribution coefficient for 
Zn is not affected by the presence of Sb in the melt. R. N. Hall 
has shown experimentally that no significant interactions of this 
nature exist in the case of Ge crystals grown from melts con- 


taining both In and Sb (or Ga and Sb) at concentrations compared 
to those used in this work. 

15 E. Conwell and V. F. Weisskopf, Phys. Rev. 77, 388 (1950); 
also see H. Brooks, Phys. Rev. 83, 879 (1951); N. Sclar, Bull. Am. 
Phys. Soc. Ser. II, 1, 48 (1956); and F. J. Blatt, Bull. Am. Phys. 
Soc. Ser. II, 1, 48 (1956); for refinements of this theory. 





652 WwW. 


dependence for samples doped only with the conven- 
tional hydrogen-like impurities is not possible in this 
temperature range because the number of charged 
centers is not constant.'* For both 98C and 104H, a T! 
dependence is observed only over a limited temperature 
range. For sample 104H, on which measurements were 
carried to lower temperatures, the mobility falls 
faster than the T! dependence below 30°K. However, 
in the low-temperature range, Ry values for this sample 
do not increase with decreasing temperature in a 
manner characteristic of higher purity -type samples 
but rise to a saturation value (which may be a broad 
maximum) characteristic of impurity banding.’ Figure 
5 shows Ry data for 104H in comparison with 106F, 
which have about the same carrier concentration at 
300°K (3X 10'* cm). However, the Sb concentration 
in 104H is about 3X 10'* cm~ because of the Zn com- 
pensation. Because of this evidence of banding, the 
mobility behavior is not expected to follow a T! de- 
pendence. For both Ge' and Si,!” the onset of impurity 
banding seems to be associated with a rapid decrease 
of mobility with decreasing temperature. 


Ill. PHOTOCONDUCTIVITY EXPERIMENTS 


The experimental arrangement used for these meas- 
urements has been described.* Except where noted, the 
sample was exposed to light from a tungsten lamp 
operating at about 3000°C, after filtering by a band-pass 


interference filter transmitting energies from about 
1.5 microns to 1.9 microns and by a 1-mm thick Ge 
crystal held at the temperature of the sample. Under 
these conditions, the excitation in the sample is pre- 
dominantly intrinsic and reasonably homogeneous. The 
interference filter was used primarily to prevent heating 
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16 See P. P. Debye and E. M. Conwell, Phys. Rev. 93, 693 
(1954); for a discussion of mobility measurements in a series of 
As-doped crystals. 

17 F, J. Morin and J. P. Maita, Phys. Rev. 96, 28 (1954); R. O. 
Carlson, Phys. Rev. 100, 1075 (1955). 
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of the sample. Hall coefficient and resistivity measure- 
ments as a function of temperature were made both in 
the dark and with the maximum constant light level 
obtainable under the conditions described. A series of 
low-resistivity n-type samples containing compensated 
double-acceptor impurities was studied. 

Figures 8 and 9 show Hall coefficient and mobility 
data for an Fe-doped crystal containing about 2X 10" 
cm~* Fe atoms as determined from Hall coefficient 
measurements.? The compensating m-type impurity, 
which was present in the Fe as an impurity, (thought 
to be phosphorus) supplied about 1.7 10" cm~* atoms 
in excess of those necessary to compensate the two 
acceptor levels per Fe atom. The rise in dark values of 
Hall coefficient between 250°K and 170°K represents 
the freeze-out of carriers into the upper Fe levels. 
Sensitivity to light appears at about 200°K. In the 
temperature region below 80°K, the increase in steady- 
state free-electron concentration under illumination is 
approximately equal to the known Fe concentration, 
indicating that with the light level used, the lifetime 
of trapped holes is sufficiently long that hole trapping at 
Fe sites may be effectively saturated. This agreement 
between values of excess carrier concentration under 
illumination and the known Fe concentration, identifies 
Fe as the impurity giving rise to the photosensitivity. 
Associated with hole trapping at the doubly negative 
Fe sites is the increase in mobility indicated in Fig. 9. 
The effect is not large except at the lowest temperatures, 
because of the small number of impurities involved. The 
high light-level mobility data follow the usual 1.6 
slope to appreciably lower temperature than do the 
dark data. 

Similar results were obtained for a compensated 
n-type sample containing about 6X10" Ni atoms per 
cm*. Below about 170°K both the Hall coefficient and 
mobility values were changed appreciably under 
illumination. However, for the case of the Ni-doped 
sample with the light level available, only about 3} of 
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the Ni atoms were converted from doubly to singly 
charged by hole trapping. For n-type Zn-doped samples 
98C and 104H, similar measurements showed appreci- 
able changes in Hall coefficient and mobjlity values, 
only when the samples had been cooled to below 55°K. 
For sample 98C the effect of light on mobility is shown 
by the dashed line in Fig. 7 and the corresponding 
Hall coefficient change is shown by the dashed line in 
Fig. 3. With the light level used, the change in free- 
carrier concentration induced by light is only about 
10° cm~* or about 10% of the estimated Zn con- 
centration. However, because of the low temperature 
associated with photoconductivity in the Zn-doped 
samples, free electrons may be captured in Sb sites and 
the steady-state free-electron concentration does not 
necessarily indicate the concentration of trapped holes 
at Zn sites. 

These relatively large photoconductive effects ob- 
served in compensated n-type samples seem to be a 
general characteristic of crystals containing double- 
acceptor impurities and are related to the long lifetime 
of holes captured at the doubly charged negative sites. 
No such sensitivity is observed for p-type samples of 
comparable resistivity which contain the same con- 
centrations of double-acceptor sites, in addition to con- 
ventional hydrogenlike acceptor impurities. At com- 
parable light levels and temperatures, conductivity 
changes are at most 1%. In low-resistivity p-type 
samples the principal effect of double-acceptor im- 
purities is to reduce the recombination lifetime. 

In concluding the description of high light-level photo- 
conductivity experiments on low-resistivity samples, 
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Fic. 10. Hall mobility data corresponding to the Hall coefficient 
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Fic. 11. Hall coefficient data for n-type Mn-doped crystal 
77F in equilibrium and under various conditions of illumination. 
The three lowest curves represent response to filtered light from 
a W lamp operated at different temperatures. The data designated 
by open squares indicate response to monochromatic light at 
1.6y. 


some slightly more detailed results for Mn-doped 
samples will be presented. »-type samples were pre- 
pared containing between 5X10" cm and 10 cm“ 
Mn atoms with sufficient arsenic to compensate the Mn 
states and to provide about 3X10" cm™ excess free 
electrons in equilibrium. Equilibrium Hall coefficient 
data for one such Mn-doped sample, 77F, are given 
in Fig. 5. The low-temperature rise in Ry values indi- 
cates a slope of 0.013 ev, the ionization energy for As."* 
No evidence for impurity banding in this temperature 
range is observed for this sample, in which the As 
concentration is about 2X10" cm~. Equilibrium mo- 
bility data for this sample are shown in Fig. 10. Over 
a limited temperature range, an approximate T! slope 
is observed.!® In the temperature range showing the 
T! dependence, although some change in the free- 
carrier concentration is observed (Fig. 5), the major 
temperature-independent contribution to the scattering 
is due to the doubly charged Mn sites and the ionized 
As sites which have provided compensating electrons. 
Figure 10 also shows values of mobility for sample 
77F under various conditions of illumination, in addition 
to the equilibrium data. Corresponding Hall coefficient 
data are shown in Fig. 11. Data for a similar sample 
but from a different crustal are shown in Figures 12 
and 13. Because the upper Mn level is very near the 
center of the band, it is difficult to distinguish between 


18 T. H. Geballe and F. J. Morin, Phys. Rev. 95, 1085 (1954). 
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Fic. 12. Hall coefficient data for n-type Mn-doped sample 
73F in equilibrium and unde: high light-level excitation. The 
increase in free carrier concentration under excitation is approxi- 
mately equal to the Mn concentration. 


intrinsic and extrinsic regions on Hall coefficient curves. 
Figure 12, which is plotted on a somewhat expanded 
scale, illustrates this difficulty. Data points seem to 
deviate from the intrinsic slope at Hall coefficient values 
of about 7 X 10° (cm*/coulomb) but the separation is not 
clear. Thus it is not possible to make a very accurate 
estimate of Mn content in these samples. By com- 
parison with p-type Mn-doped samples prepared under 
similar conditions, it is estimated that the Mn concen- 
tration in 77F and 73F is between 5X10" cm and 
8X10 cm and is somewhat higher for 73F than 
for 77F. 

Figures 11 and 12 indicate that photosensitivity in 
the Mn-doped samples becomes apparent at the 
temperature associated with complete freeze-out of 
electrons into the upper Mn levels. Below this tem- 
perature, in equilibrium, the Mn sites are doubly 
charged. Hall coefficient data designated as high light 
level in Figs. 11 and 12 were obtained using maximum 
light available from the W lamp at 3000°K with the 
filtering described above Under these conditions the 
maximum increase in carrier concentration observed 
at about 130°K, is approximately equal to the estimated 
Mn concentration for each sample. As for the case of 
the Fe-doped sample, we interpret these results by 
assuming saturation of hole trapping at the Mn sites. 

The increase in Ry values at low temperatures for 
both equilibrium and high light-level values is attri- 
buted to freeze-out of electrons into As levels. However, 
several features of the high light-level Hall coefficient 
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curves have not been explained in detail. For both 
samples, some structure is observed at about 100°K 
in the curves representing high light-level data, even 
though the incident light flux remains constant. For 
sample 77F, Ry values were measured at lower light 
levels as indicated in Fig. 11. Data designated as inter- 
mediate light levels were obtained by merely decreasing 
the temperature of the W filament. Data designated by 
open squares were obtained by passing light from the 
W lamp through a Gaertner Monochromator with 
wavelength setting of 1.6u and slit widths set at } mm. 
For these data the structure is not apparent although 
for the data designated by triangles, giving the same 
response at 70°K and lower, structure is apparent in the 
100°K region. Thus the exact shape of the Ry curve 
depends on the spectrum of the excitation. For data 
taken without use of the monochromator, some com- 
ponent of the quench spectrum characteristic of Mn- 
doped samples” is present in the excitation spectrum. 
The temperature dependence of the ratio of quench 
to excitation may affect the shape of the Ry curves in 
the manner observed. 

Preliminary studies of the intensity dependence of 
carrier concentration have been made for sample 77F. 
Measurements were made using the filtered W lamp 
radiation, decreasing the light intensity with a series 
of neutral filters. At 70°K, it was observed that de- 
creasing the light levels by a factor of 100 from the 
maximum value decreased the excess electron concentra- 
tion only by a factor of 2. This very pronounced lack 
of proportionality is expected as the condition of 
saturation of available hole traps is approached. The 
nature of this variation depends on temperature, and 
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Fic. 13. Hal) mobility data for sample 73F under conditions of 
equilibrium and high light-level excitation. 


1” Newman, Woodbury, and Tyler, this issue [Phys. Rev. 102, 
613 (1956) J. 
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the temperature dependence of Hall coefficient values 
under constant illumination will be affected by this 
fact. Although the details of the dependence of excess 
carrier concentration on the light spectrum and intensity 
are not available, the important observation, em- 
phasized here, is that at high light levels, the excess 
electron concentration in steady state is approximately 
equal to the Mn concentration. 

Associated with the changes in Hall coefficient 
induced by light are the mobility changes indicated 
in Figures 10 and 13. These large increases in mobility 
associated with the increases in carrier concentration 
are attributed to a decrease in charged imputity 
scattering as a result of hole trapping at the doubly 
charged Mn sites. In spite of some uncertainty in 
establishing the exact Mn concentration, the magni- 
tude of observed changes in mobility associated with 
the increases in free-electron concentration may be 
explained only by assuming that the scattering at the 
doubly charged Mn sites is reduced by a factor of 
about 4 as a result of hole trapping. Mobility changes 
are much too large to permit the assumption that hole 
trapping is equivalent to the reduction of a singly 
charged center to a neutral center. 


IV. SUMMARY AND DISCUSSION 


Evidence has been presented indicating that Zn is a 
double-acceptor impurity in Ge with acceptor levels 
at 0.03 ev and 0.09 ev from the valence band. Mobility 
studies indicate that the scattering from doubly charged 
Zn sites is about four times that from singly charged 
Ga sites. Photoconductivity experiments in n-type Ge 
samples containing Fe or Mn impurities indicate that 
at high light levels, the steady-state increase in free- 
electron concentration is approximately equal to the 
known concentrations of double-acceptor impurities. 
Mobility increases associated with this increase in 
electron concentration provide additional confirmation 
of the assumption that holes trapped at doubly charged 
impurity sites are responsible for the photosensitivity. 

The mechanism for high-yield photosensitivity in Ge, 
first proposed? to explain photoconductivity in Fe-doped 
Ge, is based on the assumption that double-acceptor 
impurities introduce sites which may be made doubly 
charged negatively in equilibrium. Because of Coulomb 
forces, the capture cross section for holes at these 
sites is very large but the cross section for the subse- 
quent capture of electrons at the singly charged nega- 
tive sites is low, giving rise to long free-electron life- 
times and high photosensitivity. This hypothesis of 
hole trapping has proven satisfactory in interpreting 
high photoconductive yields, infrared quenching of 
photoconductivity, Hall coefficient studies of optically 
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excited carriers, and the related mobiiity changes dis- 
cussed in this paper. 

A complete description of photoconductivity in Ge 
doped with double-acceptor impurities requires quanti- 
tative determination of capture cross sections for 
electrons and holes at impurity sites under different 
conditions of charge. Some progress has been made in 
determining the relevant cross sections. The cross section 
for electron capture at neutral double-acceptor sites 
has been determined to be comparable with atomic di- 
mensions (10~'!'—10-'*cm*) for several of these im- 
purities (Fe, Co, Ni, Mn). These values are obtained 
from the low-temperature plateau in the temperature 
dependence of lifetime in low-resistivity p-type samples 
containing known concentrations of double-acceptor 
impurities. In such samples these impurities act simply 
as recombination centers, the capture cross section for 
the minority carrier being smaller than the subsequent 
capture cross section for the majority carrier. 

In low-resistivity m-type samples in which the double- 
acceptor sites are doubly charged in equilibrium, the 
important cross sections are those for hole capture at 
doubly charged negative sites and the subsequent 
electron capture at singly charged sites. In such samples 
the usual recombination theories,” assuming no charge 
storage do not apply, the capture cross section for the 
minority carriers being much greater than that for 
majority carriers. The capture cross section for a hole 
at the doubly charged site has not been measured 
directly but is assumed to be very large because of the 
strong attractive Coulomb forces. The subsequent 
capture cross section for electrons at the singly charged 
sites is very small and may in principal be deduced from 
studies of the decay of photoconductivity in n-type 
samples. Measurements on Mn-doped samples such 
as 77F and 73F indicate that the capture cross section 
for an electron at a singly charged Mn site is probably 
less than 10-* cm?. In fact, it seems probable that for 
the case of Mn (except possibly at very low tempera- 
tures), recombination never does take place at the 
Mn site but rather that the trapped hole is eventually 
evaporated into the valence band with recombination, 
perhaps after multiple trapping events, taking place at 
surfaces or other uncontrolled impurity sites. 
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The atomic heats of vanadium, in the normal and superconducting states, have been determined from 
just above the transition temperature, 7.=5.03°K, down to 1.1°K. After corrections to the 1948 temperature 
scale had been made, the normal state atomic heat could be represented by C,=y7T+(12/5)x‘R(T/®)!, 
with y= (9.26+0.03) X 10-* joule mole“ deg-* and @=3382:5°K. The entropy difference, S,—S,, between 
the normal and superconducting states, extrapolated to 0°K, was found to vanish, in accordance with the 
third law of thermodynamics. The critical field values deduced from S,—S, gave Ho=1310 oersteds; at 
higher temperatures they were in agreement with initial penetration fields previously reported. 

The most interesting result of this work was that below about 0.77, the electronic contribution to the 
atomic heat of the metal in the superconducting state could be represented by an exponential expression of 
the form C,./yT.=ae*?/? with a=9.17 and b=1.50; such an exponential relation is consistent with a 
single-electron model of a superconductor involving a gap of the order of &7. per electron in the spectrum 


of available energy levels. 





INTRODUCTION 


OR a metal in the superconducting state it is 

customary to separate the total atomic heat, C,, 
into a lattice contribution, which is assumed to take 
the same values as in the normal state, and an electronic 
contribution, C,,. Until recently the available experi- 
mental evidence suggested a 7* dependence for C... 
This was thermodynamically consistent with the para- 
bolic temperature dependence found for the critical 
magnetic field, H,. These features were incorporated 
into the Gorter-Casimir' two-fluid model for super- 
conductors. 

More recently, departures from this T7* dependence 
of C., have been observed in niobium,’ tantalum,’ and 
vanadium,* and corresponding departures from the 
parabolic H,—T relationship have been noted.‘ Further- 
more, measurements on the electronic thermal con- 
ductivity of superconducting tin' suggested that at 
very low reduced temperatures C,, might decrease much 
more rapidly than as 7%. Since detailed information on 
the temperature dependence of C,, may give a clue to 
the correct description of the superconducting state, 
accurate measurements of C,, were considered to be 
desirable. 

Accurate determinations of C,, can be made from 
calorimetric measurements only on those supercon- 
ductors for which C,, is a large fraction of the 
total atomic heat. From the approximate values of 
(Ces/Ciattice) 7= 7 Shown in Table I, it can be seen which 
superconductors are best suited for such a study. 

Vanadium was chosen for the present work because 
of its large value for (Ce/Cisttice)7=7-; furthermore, 


1C. J. Gorter and H. B. G. Casimir, Physik. Z. 35, 963 (1934). 

? Brown, Zemansky, and Boorse, Phys. Rev. 92, 52 (1953). 

3 Worley, Zemansky, and Boorse, Phys. Rev. 99, 447 (1955). 

*P. M. Marcus and E. Maxwell, Phys. Rev. 91, 1035 (1953); 
P. L. Bender and C. J. Gorter, Physica 18, 597 (1952); B. Serin, 
in Progress in Low Temperature Physics, edited by C. J. Gorter 
ay) — Publishing Company, Amsterdam, 1955), Vol. 1, 
pp. 142-148. 

5B. B. Goodman, Proc. Phys. Soc. (London) A66, 217 (1953); 
S. J. Laredo, Proc. Roy. Soc. (London) A229, 473 (1955). 


while still using conventional liquid helium techniques, 
C., could be measured at lower values of the reduced 
temperature, 7/T,, than previously investigated. Vana- 
dium was also of interest in order to determine the 
H,—T relationship for a typical “‘hard”’ superconductor, 
and in particular to compare the results with the 
measurements of its initial penetration field made by 
Wexler and Corak.* A brief preliminary account of the 
present work has already appeared.’ 


EXPERIMENTAL 


The calorimetric apparatus and techniques have been 
fully described in a recent paper,® here designated as I. 
The present measurements differed from those described 
in I only in that a magnetic field was necessary to 
maintain the specimen in the normal state. An electro- 
magnet capable of producing a field of 6200 oersteds 
uniform to 3% over the volume of the sample, was used 
for this purpose. 

The sample was a cylinder 1 in. long and 1 in. in 
diameter, containing 1.674 moles. The ingot from which 
it was machined had been arc-melted from crystals 
produced by the van Arkel iodide process.® A spec- 
trographic analysis showed it to be 99.8% vanadium 
with major impurities Fe, Al, Cr, and Ni. The specimen 
was annealed in vacuo (p<3X10~* mm Hg) at 850°C 
for 6 hours, and then cooled slowly at about 50°C per 
hour. While internal strains and interstitial impurities 
may have a marked effect on the superconducting 
properties of vanadium, the low values of the hardness 
(121+11 diamond pyramid hardness) and residual re- 
sistivity (0.08 of its ice-point resistivity) of the specimen 
after annealing indicated that it was comparable in 
purity with the best specimens so far described. 


6 A. Wexler and W. S. Corak, Phys. Rev. 85, 85 (1952). 

7 Corak, Goodman, Satterthwaite, and Wexler, Phys. Rev. 96, 
1442 (1954). 

8 Corak, Garfunkel, Satterthwaite, and Wexler, Phys. Rev. 98, 
1699 (1955). 

* This ingot was prepared for us by the Battelle Memorial 
Institute. 
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TaBLe I. Ratio of the electronic to lattice contributions to the 
atomic heats of a number of superconductors at their transition 
temperatures. 





Element Te (°K) (Cos/Ciattice)T=Te 








Heat capacity measurements were made at intervals 
of approximately 0.1°K over most of the range of 
temperature for both the normal and superconducting 
states. However, from 1.2 to 1.4°K, and in the region 
of the transition temperature, in zero field, measure- 
ments were made at intervals of approximately 0.03°K. 
Temperature increments of about 0.03°K were used 
throughout. The addenda (thermometer, heater, etc.) 
were identical to those used in I, and their thermal 
capacity values determined in that study were used 
here. © 

In I, it was shown that the use of the 1948 helium 
vapor pressure temperature scale" leads to systematic 
errors in specific heat several times larger than the 
uncertainties in the measurements themselves. Con- 
sequently, for the present work a corrected temperature 
scale (T,) was constructed from a knowledge of these 
systematic errors, the resulting scale was thus an 
average of the three T,, scales of I. The temperature 
correction curve (A), and the fractional error curve (B), 
used for correcting the atomic heats, are shown in 
Fig. 1. A discussion of these temperature scale correc- 
tions appears in the appendix. 


RESULTS 


The results for the normal and superconducting 
atomic heats of vanadium are given in Table II. These 
are given both on the 1948 scale, which is still generally 
accepted, and also on the present corrected scale, which, 
on the other hand, is believed to represent more closely 
the thermodynamic temperature scale; all the derived 
results are given here on the latter scale. 

The results on the corrected scale are also plotted in 
Fig. 2. The solid symbols represent results obtained 
with the specimen either wholly normal or wholly 
superconducting, except in the neighborhood of T,. The 
open symbols represent results obtained in magnetic 
fields inadequate for complete quenching of super- 
conductivity. 


© H. Van Dijk and D. Shoenberg, Nature 164, 151 (1949). 
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Fic. 1. Correction curves used to correct the present results 
from the 74s to the Ty scale. (A) The temperature; (B) The 
atomic heat. 











A detailed discussion of the probable errors, both 
random and systematic, due to uncertainties in the 
various measurements and to errors in the corrected 
temperature scale, appeared in I. The probable error in 
an individual determination of C, or C,, estimated from 
the scatter of the points around smooth curves, was of 
the order of 0.8%, in agreement with an estimate 
based on the known limitations of the measuring 
apparatus. In addition, systematic errors of about 0.5% 
may have resulted from inaccuracies in the corrected 
temperature scale. 

It can be seen that the superconducting state atomic 
heat, C,, departs markedly from a 7* law; the signifi- 
cance of this departure will be considered in detail 
later. The transition temperature, 7., taken as the mid- 
point of the atomic heat discontinuity, was 5.03°K; 
the breadth of the zero field transition was 0.05°K. 
This transition temperature is only slightly different 
from the value (7.)4s=5.13°K of the best specimen 
previously studied®; of this discrepancy, 0.03°K can be 
attributed to temperature scale discrepancies. In view 
of the large effect of impurities on the transition tem- 
perature of vanadium the remaining discrepancy in 7, 
between these two specimens may be due to quite 
small differences in purity. 

In magnetic fields, large enough to quench super- 
conductivity completely, the atomic heat could be 
represented within experimental error by 


Ca=yT+ (12/5)m*R(T/@)’, (1) 
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Taste II. Atomic heat of vanadium in various magnetic fields. The absence, above 4.9°K, of moon on the 1948 scale, and the 
meaning of the 7, scale in this temperature range, are discussed in ‘the appendix. 





Cas (millijoule 


Ce (millijoule 
Ta (°K) mole deg) Tw (°K) mole deg) 


Cas (millijoule 


Cw (millijoule 
Tas (°K) mole deg™') Tw (°K) mole~! deg™) 





Zero magnetic field 
1.199 
1.255 
1.310 
1.390 
1.581 
1.778 
1.974 
2.169 
2.373 
2.572 
2.768 
2.984 
3.185 
3.372 
3.396 
3.594 
3.774 
3.993 
4.193 


1.199 
1.255 
1.311 
1.391 
1.584 
1.783 
1.981 
2.179 
2.377 
2.573 
2.769 
2.986 
3.189 
3.378 
3.402 
3.601 
3.780 
3.995 
4.193 
4.402 
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: 22 
nn 


2 
2 
2 
2. 
3. 
3. 
3. 
3. 
3. 
4 
4 
4 
4 
4 


3000 oersteds 
1.131 
1.161 


1.131 
1.161 


8.73 
9.77 





3000 oersteds—Continued 
13.11 1.390 
16.40 1.588 
19.70 1.783 
23.17 1.976 
29.15 2.192 
32.86 2.380 
32.93 2.576 
26.90 2.779 
29.05 2.984 
2.886 
2.986 
3.083 
3.183 
3.278 
3.386 
3.472 
3.577 
3.670 
3.775 
3.943 
4.050 
4.191 
4.278 
4.380 
4.467 
4.553 
4.647 
4.734 
4.821 
4.947 
5.060 
5.097 
5.142 
5.221 
5.358 


5200 oersteds 
1.352 
1.657 
2.425 
2.576 
2.718 
2.863 
3.076 
4.978 
5.095 
5.288 
5.383 
1.149 
1.278 
1.515 
1.818 
2.247 
1.952 
2.118 


1.391 
1.591 
1.789 
1.983 
2.202 
2.384 
2.577 
2.780 


13.17 
16.42 
19.84 
23.49 
28.10 
32.10 
32.50 
26.85 
29.22 
28.05 
28.90 
30.07 
31.11 
32.64 
33.67 
34.46 
35.52 
36.65 
37.08 
39.41 
41.08 
42.23 
43.98 
44.92 
46.09 
46.57 
48.40 
48.77 
49.57 
51.62 
53.03 
54.01 
54.78 
54.93 
54.94 


13.09 


11.94 
12.98 
15.00 
17.55 
22.17 
18.88 
20.04 


1,149 
1.278 
1.520 
1.824 
2.255 
1.959 
2.127 


15.03 
17.69 
21.46 
19.13 
20.42 


6200 oersteds 
1.114 
1.398 
1.635 
1.950 


1.114 
1.399 
1.639 
1.957 


10.38 
12.92 
15.65 
18.42 


10.39 
12.97 
15.78 
18.68 





with y= (9.26+0.03)X10-* joule mole! deg~? and 
@=338+5°K. The values of y and @ and their probable 
errors were obtained by fitting values of C,/T and T? 
to Eq. (1) by the method of least squares. The values 

1 In our previous ppg there appeared a typographical 


error; the values of 7 should have contained the factor 10~ 
instead of 10-*. 


for y and @ recently published by Worley, Zemansky, 
and Boorse* (y=8.96X10-* joule mole“! deg~? and 
@=274°K for their sample of highest purity), while 
similar to the values obtained from this work, are well 
outside the probable errors quoted here. It is believed 
that the present values should take precedence over 
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theirs since, in addition to their somewhat lower pre- 
cision, the range of temperature in which they were able 
to completely quench superconductivity was limited to 
between 3.5 and 5.0°K. Furthermore, errors in the 
1948 temperature scale, which they used below 4.2°K, 
could introduce some error into their values of y and @. 


DISCUSSION 


A. Comparison with Magnetic Measurements 


In order to derive the true thermodynamic critical 
field-temperature relationship for vanadium from the 
present results, the entropies of the normal and super- 
conducting states were calculated as a function of 
temperature. For the normal state 
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Fic. 2. C/T vs T? for normal and superconducting vanadium. 


The open symbols indicate incomplete quenching of supercon- 
ductivity by the magnetic field. 


and for the superconducting state the necessary integra- 
tion was carried out graphically from a smoothed plot 
of C,/T vs T. The entropy difference (S,—S,), extrapo- 
lated to 0°K, vanished to within +0.2%, in accordance 
with the third law of thermodynamics. 

The critical field-temperature relationship was then 
deduced by graphical integration of the relation 


84 pte 
wate) (S,—S,)daT, (3) 


T 


where V =8.34 cm’ is the atomic volume. The resulting 
H.—T curve is shown in Fig. 3, together with the 
initial penetration fields found experimentally by 
Wexler and Corak.® It can be seen that their results are 
in agreement with the present work. The discrepancy 
between their value for Ho (1190 oersteds) and the 
present value (1310 oersteds) is due to the fact that 
they used a parabolic expression for extrapolating their 
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Fic. 3. Critical field-temperature relationship for vanadium. 











results to 0°K. This procedure also led them to a value 
for y (6.28X10-* joule mole deg~*) which is some- 
what in error. In the reduced plot of Fig. 4, the deviation 
of the critical field-temperature relationship from 
H.=H[{1—(T/T.)?] is shown. 

In connection with the present work magnetization 
curves were also obtained, by the Shoenberg tech- 
nique,” for a small specimen of vanadium taken from 
the calorimetric specimen. These measurements were 
not intended for comparison with the H,—T relation- 
ship derived from the calorimetric measurements, but 
merely to determine what magnetic field would be 
necessary to maintain the specimen normal. At 4600 
oersteds and down to 1.2°K the diamagnetic suscepti- 
bility of the specimen was less than 0.2% of the value 
for a completely superconducting specimen, suggesting 
that at least 99.8% of the volume of the specimen was 
in the normal state. 

On the other hand, it may be seen from Fig. 2 that 
in a field of 5200 oersteds below 2.2°K the specific heat 
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Fic. 4. Deviation of the H, from the expression 
H.=Ho{1—(T/T.)*). 


2D. Shoenberg, Report of an International Conference on 
Fundamental Particles and Low Temperatures, Cambridge, 1946 
(The Physical Society, London, 1947), Vol. 2, p. 85. 
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Fic. 5. Comparison of the present results for vanadium (open 
circles) with the exponential Eq. (4) and the work of other 
authors. 


was greater than that for the completely normal ma- 
terial in 6200 oersteds, thus indicating a lower entropy 
for the specimen in the lower field. An independent 
estimate of the fraction of normal material in the 
specimen could be obtained by assuming that the 
entropy was a linear combination of the contributions 
from normal and superconducting regions. The resulting 
estimate that 4% of the volume of the specimen was 
superconducting at 1.2°K in 5200 oersteds was in 
clear disagreement with the magnetic observations. 
The origin of this apparent discrepancy was not investi- 
gated, and in fact it may possibly have arisen from a 
genuine difference between the behavior of the small 
specimen and the calorimetric specimen, resulting from 
inhomogeneities in the latter. But let us suppose, as 
may be the case,” that superconducting filaments of 
very high critical field persisted above 4600 oersteds 
in the calorimetric specimen. Then, because of their 
high critical fields, these may possibly have contributed 
appreciably to the calorimetric properties of the speci- 
men, while at the same time, because of their small 
size, they may have made only a negligible diamagnetic 
contribution to the susceptibility. 


B. Temperature Dependence of C.,, 


On the basis of the assumption that Cisttic in the 
superconducting state was identical with that in the 
normal state, C., was deduced by subtracting from C, 
the last term in Eq. (1). Over the temperature range 
covered by these experiments, C,, constituted 85 to 
95% of the total atomic heat, so that the probable 
error in the deduced values of C,, was comparable with 
the probable error in the results themselves, and there- 
fore of the order of 1%. 

It was immediately evident that C., was not pro- 
portional to 7*, as suggested by the Gorter-Casimir 
theory, but could be well represented below about 
0.77. by an exponential relation of the following form: 


Cee/yT.= eT! 7, (4) 


3D. Shoenberg, Superconductivity (Cambridge University Press, 
Cambridge, 1952), second edition, pp. 37-47. 
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The final values of the constants, a=9.17 and 6=1.50, 
are slightly different from those published previously’ 
due to temperature scale corrections and better normal- 
state data. In Fig. 5, the experimental values for C,, 
are plotted in such a way that, if Eq. (4) held exactly 
with the above values for the constants, the horizontal 
line shown would result. 

A curve representing the data of Worley, Zemansky, 
and Boorse? is also shown. This curve was derived from 
their Eqs. (3) and (12) using the constants reported for 
their sample V-IT. It can be seen that over the range of 
temperature covered by both investigations the values 
of C,, are not greatly different. However, if their 
Eq. (12) is extended to lower temperatures the differ- 
ence becomes quite large. The predictions of the 
Gorter-Casimir theory and the calculations of Koppe™ 
based on Heisenberg’s theory are also shown. 

Although previous calorimetric data have not been 
treated in terms of an exponential temperature de- 
pendence of C,,, it should be pointed out that none is 
inconsistent with this representation, particularly in 
view of the scatter of the earlier data. 

Representative experimental points for tantalum and 
niobium shown in Fig. 6 indicate that on this reduced 
scale the tantalum results are similar to those for 
vanadium, while those for niobium may be represented 
by a similar exponential expression with slightly modi- 
fied constants. The best data for tin so far published 
are not sufficiently accurate to distinguish between an 
exponential and a cubic temperature dependence; how- 
ever recent measurements for this metal described in 
the following paper are, on a reduced scale, in close 
agreement with the present work. 

Furthermore, preliminary results for aluminum,’® 
over an even wider range of reduced temperature than 
that covered here, indicate that a similar exponential 
temperature dependence of C,, also holds for this metal. 

It therefore seems quite probable that a predomi- 
nantly exponential temperature dependence of C,,, may 
be a fundamental property of superconductors, par- 


"MHL Kop a. Seeee, Son . Physik 1, 405 (1947). 
man, Conférence de Physique des Basses Tem- 
iaapba Paris, 1955, Proceedings, pp. 506-511. 
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ticularly below about 0.77,. However, it is not yet 
clear whether this similarity in behavior between super- 
conductors may be extended to a law of corresponding 
states for all superconductors. A discussion of some 
further evidence for the temperature dependence of C,,, 
obtained from critical magnetic field measurements, will 
appear in the following paper. 

On any single-electron model of a superconductor, 
with a gap ¢ in the energy level spectrum immediately 
above the ground state levels, the expression for the 
specific heat would be expected to be dominated, at 
sufficiently low temperatures, by the term exp(—«/kT). 
The present experiments support the concept of such 
an energy gap, a concept which has received theoretical 
consideration recently.’* 
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APPENDIX 


If the atomic heats are determined on the basis of a 
temperature scale which is incorrect (as the 1948 scale 
is known to be), errors arise, not only from errors in 
the temperature scale itself, but to an even greater 
extent from errors in its gradient. If Tys and C4 
represent respectively the 1948 temperature scale and 
an atomic heat based on this scale, and if 7, and C, 
are similar quantities for a new scale, it readily can be 
shown that 


Caa/Co= dT .,/dT 4g. (X-1) 


It may be noted that while errors in the 1948 scale are 
believed to be of the order of a few millidegrees, never 
exceeding 0.5% of T, the gradient of this scale may be 
in error by as much as 3-4%, thus introducing errors 
of a similar magnitude in atomic heats. 

If the true atomic heat, C,, is known for a given 
material for which there exist accurate measurements 
of C4s, the correct temperature scale can be constructed 


16H. Frohlich, Proc. Roy. Soc. (London) A223, 296 (1954); 


C. G. Kuper, Proc. Roy. Soc. (London) A227, 214 (1955); 
J. Bardeen, Phys. Rev. 97, 1724 (1955). 


by integrating the foregoing expression : 


Cs 
To = —1dT 4 ; 
Cw 


(X-2) 
or, by rearranging, a difference function may be ob- 


tained: 
Cu—Cw 
ton-Tom f ~—ie 


w 


(X-3) 


It is necessary to tie down one point on the 7, scale for 
the purpose of evaluating the constant of integration, 
and for this purpose the normal boiling point of helium 
was chosen. 

A treatment of this sort was shown in I to yield a 
temperature scale for each of the noble metals, copper, 
silver, and gold in very close agreement, above about 
1.6°K, with the corrections to the 1948 scale proposed 
by Erickson and Roberts!” and Berman and Swenson.'® 

For the present work, the smooth deviation curve in 
Fig. 1(B) was fitted to the results for all of the noble 
metals in such a way that on carrying out the integra- 
tion of Eq. (X-3) the resulting scale T,, the smooth 
curve in Fig. 1(A), was in close agreement, between 1.6 
and 4.9°K, with the corrections suggested by the above 
authors. Below 1.6°K, where errors of the order of a few 
percent were suspected in the values of Cys for the 
noble metals, the temperature scale was selected to 
agree with the magnetic data of Erickson and Roberts. 

Above 4.9°K, where calibration of the resistance 
thermometer against the helium bath was difficult, the 
resistance-temperature relation was extrapolated so 
that the normal state data continued to scatter ran- 
domly about the theoretical expression for C, [Eq. (1) ] 
found applicable below 4.9°K. Since any contribution 
to C, from higher power terms than 7° below 4.9°K is 
negligible within the experimental accuracy, it is esti- 
mated that errors of less than 1% in C, between 4.9°K 
and T, could have arisen from neglecting such terms in 
C, in this extrapolation of the temperature scale. 

The present 7,, scale is in close agreement with that 
proposed recently by Clement et al.” 

17R, A. Erickson and L. D. Roberts, Phys. Rev. 93, 957 
(1954). 


18 R. Berman and C. A. Swenson, Phys. Rev. 95, 311 (1954). 
1” Clement, Logan, and Gaffney, Phys. Rev. 100, 743 (1955). 
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Atomic heat measurements on tin in the normal and superconducting states revealed that the electronic 
contribution to the atomic heat in the superconducting state, C.., could be represented below about 0.77, by 
the same exponential expression found applicable to vanadium: C,,/yT.=ae*?e7, with a=9.17 and 6=1.50. 
The deduced curve of critical field »s temperature was in good agreement with H,—T curves reported from 
magnetic measurements. The critical field extrapolated to the absolute zero, Ho, was 303.4 oersteds and the 
transition temperature was 3.722°K. Below 2.5°K the normal atomic heat could be represented by the 
Sommerfeld-Debye expression with y=1.75X10-* joule mole“! deg-* and @=195.0°K; above 2.5°K 
deviation from this expression indicated that © decreased with increasing temperature. 





I. INTRODUCTION 


N the preceding paper it was shown that an expo- 

nential function in 1/7 [Eq. (4) of that paper ] 
refresented the electronic contribution, Ce, to the 
atomic heat of vanadium in the superconducting state 
below about 0.77,. In view of this result it was of 
interest to find whether an exponential temperature 
dependence of C,, was applicable to other supercon- 
ductors and, if so, to what extent they obeyed a law 
of corresponding states. The elements for which cor- 
roborative evidence exists, V, Ta, and Nb, are all 
“hard” superconductors and in many other respects are 
quite similar since they fall in the same group of the 
periodic table. It was, therefore, desirable to extend 
this study to one of the “soft” superconductors. 

Tin was considered the best choice among the soft 
superconductors since it has a high Ce/Cisttice ratio, 
1.23 at the transition temperature, and a fairly high 
transition temperature, 3.73°K ; thus it was possible to 
study a wide range of reduced temperature with liquid 
helium techniques. Furthermore, tin is probably the 
most widely studied superconductor and exhibits almost 
ideal superconducting behavior. Previously published 
data on tin,’-* while showing deviation from a T* 
dependence of C,,, are not accurate enough to shed 
much light on the applicability of an exponential 
dependence. 

Il. EXPERIMENTAL 


The specimen used in this investigation, a cylinder 
one inch in diameter and two inches long, was obtained 
from the Vulcan Detinning Company of Sewaren, New 
Jersey. By the analysis of the supplier it was 99.999+-% 
tin. It was considered unnecessary to anneal the sample 
at an elevated temperature since tin is known to self- 
anneal at room temperature. The residual resistivity at 
4.2°K of unannealed turnings from the same batch of 
tin was approximately 0.0002 of their room temperature 
resistivity. 

1W. H. Keesom and J. A. Kok, Commun. Phys. Lab. Univ. 
Leiden, No. 221e (1932). 

2 W. H. Keesom and P. H. van Laer, Physica 4, 487 (1937). 


*K. G. Ramanathan and T. M. Srinivasan, Phil. Mag. 46, 338 
(1955). 


The calorimetric apparatus and techniques were 
identical with those used in work previously published.‘ 
A permanent magnet was used to maintain a uniform 
field of 800 oersteds over the volume of the sample for 
the normal state measurements. For the superconduct- 
ing state measurements, the magnetic field in the 
vicinity of the sample was held below 0.05 oersted by 
counteracting the earth’s magnetic field with a pair of 
Helmholtz coils. 

The individual determinations were spaced at ap- 
proximately 0.1°K and temperature increments of 
about 0.03°K were used over most of the temperature 
range. From 1.2 to 1.4°K the measurements were 
spaced more closely, about every 0.03°K, for both the 
normal and superconducting state since the uncer- 
tainty of the measurements was somewhat higher in 
this region. In order to observe the nature and breadth 
of the superconducting transition, both the spacing 
and the temperature increments were reduced to 
0.01°K in the vicinity of T, for the superconducting 
state measurements. 


Ill. RESULTS AND DISCUSSION 


The experimental atomic heat data for tin in both 
the normal and superconducting states are given in 
Table I. They are reported on both the 1948 helium 
vapor pressure scale’ and the corrected scale, Ty, 
described in the previous paper, because although the 
former is well defined and generally accepted, the 
latter, it is believed, approximates more closely the 
thermodynamic scale. The experimental data are shown 
graphically in Fig. 1, a C/T vs T? plot showing both 
normal and superconducting state data together with 
similar data of Keesom and Van Laer. The data of 
Fig. 1 were calculated on the basis of the T, scale as 
were subsequent derived results. 

The probable error of an individual determination of 
the atomic heat has been estimated in connection with 
earlier work‘ using the same apparatus and techniques. 
The probable error due to random uncertainties was 

4 Corak, Garfunkel, Satterthwaite, and Wexler, Phys. Rev. 98, 


1699 (1955). 
5H. van Dijk and D. Shoenberg, Nature 164, 151 (1949). 
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TABLE I. Atomic heat of tin in magnetic fields of 0 and 800 oersteds. 








Cw (millijoule 


Cas (millijoule 
Tas (°K) mole deg) Tw (°K) mole deg!) 


Cw (millijoule 


Cas (millijoule 
Tas (°K) mole! deg) Tw (°K) mole deg) 





Magnetic field—800 oersteds 


2.33 1.130 
2.46 1.164 
2.58 1.200 
2.65 1.235 
2.74 1.270 
2.85 1.306 
1.403 
1.495 
1.474 
1.587 
1.682 
1.758 
1.851 
1.958 
2.065 
1.973 
2.061 
2.156 
2.259 
2.369 
2.474 
2.569 
2.680 
2.766 
2.885 
2.983 
3.080 
3.180 
3.272 
3.382 
3.466 
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3.682 
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3.880 
3.982 
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10.54 
11.67 
12.61 
13.70 
14.76 
16.1 
17.7 
18.9 
20.9 
22.7 
25.0 
27.4 
29.6 
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29.0 


Magnetic field—0 oersted 


0.810 1.122 
0.903 1.148 
0.939 1.177 
1.052 1.208 


0.811 
0.904 
0.940 
1.054 








Magnetic field—O oersted—Continued 


1.128 1.229 
1.211 1.263 
1.351 1.289 
1.395 1.312 

; 1.367 
1.400 
1.517 
1.597 
1.685 
1.782 
1.876 
1.962 
1.985 
2.072 
2.270 
2.371 
2.470 
2.572 
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3.082 
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3.369 
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4.191 
4.341 
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estimated at 0.8%. Additional error amounting to 
possibly 0.5% could have arisen from uncertainties in 
the corrected temperature scale which would not be 
random. The probable errors calculated from scatter of 
experimental data about smooth curves for the normal 
and superconducting state were 0.6% and 0.9%, re- 
spectively. In earlier work,‘ systematic errors of 2% or 
less were suspected below 1.4°K due to residual ex- 
change gas adsorbed on the sample at the lowest tem- 
peratures and gradually driven off as the temperature 
was increased. Particular care was taken during these 
experiments to pump off the exchange gas before 
starting measurements and the absence of time de- 
pendent drift rates after heating, observed in the 
earlier experiments, indicated that errors from this 
source were not significant in the present work. 

In a magnetic field of 800 oersteds, sufficient to com- 
pletely quench superconductivity, the data could be 
represented by the Sommerfeld-Debye expression, 


Ca=7T+ (12/5)*R(T/0)}, (1) 


only for temperatures below about 2.5°K. From data 
in this range of temperature the following values for 
the constants were obtained by the method of least 
squares : 


y= (1.750.01) X 10- joule mole! deg, 
O=195.0+0.6°K 


From the curvature in the C/T vs T? plot for the 
normal state data above 2.5°K in Fig. 1, it is evident 
that Eq. (1) is no longer adequate. It is assumed that 
this deviation is due to the lattice and can be represented 
by a temperature variation of © as shown in Fig. 2. 
The following qualitative arguments can be given for 
making this assumption: (1) It is unlikely that any 
deviation from a linear temperature dependence of the 
electronic specific heat should occur so far below the 
degeneracy temperature (~2X10* °K for tin); and 
(2) although, for a cubic metal, one would not expect 
a temperature variation of © at so low a temperature 
relative to © [e.g., no deviation from Eq. (1) was 
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Fic. 1. Atomic heat of tin in the normal and 
superconducting state. 


found for gold‘ below 5°K even though ® for gold, 
169°K, is lower than that for tin], for an anisotropic 
metal like tin the measured 0 is undoubtedly an average 
of two or more @’s, characteristic of the lattice con- 
stants in different directions in the crystal, one of which 
may be quite low. 

In accord with the above assumption, C,, was de- 
rived by subtracting from the superconducting state 
measurements, the lattice contribution, Cz, deduced 
from the normal state data, Cph=C,—7T. As in the 
case of vanadium, C,, for tin could be well represented, 
particularly below about 0.77. by an exponential ex- 
pression of the type 


C../yT = ag *Td7, (2) 


Furthermore within the experimental error the same 
expression with constants, a=9.17 and b=1.50, repre- 
sented C,, for both tin and vanadium. In Fig. 3 the 
values of C,, are shown on a semilogarithmic scale 
plotted against the reciprocal of the reduced tempera- 
ture, 1/t=T./T. The straight line represents Eq. (2) 
with the above constants. Values of C,, derived from 
the work of Keesom and Van Laer® are also plotted, 
showing that the precision of their data was not 
adequate to distinguish between a cubic and an expo- 
nential temperature dependence. 

It should be pointed out that the total atomic heat 
in the superconducting state, C,, approximated, quite 
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Fic. 2. Variation of the Debye © of tin with temperature. 
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closely, a 7T* dependence. It is unfortunate that in 
the case of tin, the superconductor on which earlier 
theories of the specific heat were based, deviations from 
a cubic temperature dependence in the electronic con- 
tribution were compensated by deviations in the 
opposite direction in the lattice contribution. Thus, if 
it was assumed that a 7* law described the lattice, it 
was logical to conclude that the temperature dependence 
of C,, was also cubic. 

In Fig. 4 the values of C,, for vanadium and tin are 
shown together to show their striking similarity. The 
vertical scale is expanded relative to Fig. 3 by multi- 
plying by exp(1.57./T) as indicated, with the result 
that Eq. (2) appears as a horizontal straight line. It is 
of interest to note that, on this reduced scale, the 
results for tin and vanadium are essentially identical 
even in the temperature region near 7, where appreci- 
able deviation from Eq. (2) occurs. 

The entropies of both the normal and superconduct- 
ing states were derived from the atomic heat data for 
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Fic. 3. Electronic contribution to the atomic heat of tin. 


the individual states by graphical integration of smooth 
C/T vs T plots. The difference in entropy between the 
normal and superconducting state (S,—S,), extrapo- 
lated to the absolute zero, vanished within the limit of 
experimental accuracy (i.e., +0.2%), consistent with 
the third law of thermodynamics. 

The critical field-temperature relationship was de- 
rived by graphical integration of the following ex- 
pression : 


8x 
edt 3 (S,—S,)dT, (3) 


- 


where V is the atomic volume. The resulting H,—T 
curve is compared in Fig. 5 with those obtained from 
magnetic measurements by Lock, Pippard, and Shoen- 
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Fic. 4. Comparison of C,, for tin and vanadium. 


berg,® Serin, Reynolds, and Lohman,’ and Maxwell 
and Lutes.* The curves of Fig. 5 show deviations from 
the parabolic expression, H.=Hol1—(T7/T.)*], where 
Hy is the critical field at 0°K and 7, is the transition 
temperature. The curves for the magnetic data were 
taken from polynomial expressions of the above authors 
giving H, in powers of T. Most of the magnetic data 
were taken on samples enriched in one of the isotopes 
of tin, but the polynomials are applicable to normally 
occurring tin by adjusting Hy and T,. The differences 
among the curves (~1% or less), is largely due to 
differences in Hy and T, of the various measurements. 
These are compared in Table IT. 

In view of the similarity in C,, for tin and vanadium, 
two superconductors with otherwise quite different 
properties, it is of interest to review the calorimetric 
and magnetic data for other superconductors, first, to 
see what further evidence there is for a predominantly 
exponential temperature dependence of C,, and, second, 
to see to what extent this similarity may be extended 
to a law of corresponding states for all superconductors. 

The available calorimetric data for superconductors 
for which the ratio C,,/Cz, is large enough to allow 
reasonably accurate determinations of C,, have been 
reviewed in connection with the vanadium work in the 
preceding paper. For tantalum C,, could be represented 
by the same exponential expression applicable to V 
and Sn. Preliminary results on Al suggest a similar 
exponential temperature dependence for this metal, 
also. C for Nb could be represented over the same 


TABLE IT. Values of extrapolated critical field Ho 
and transition temperature 7-. 








He (oersteds) 


303.4 
304 
304.5* 
306.9* 


Te (deg K) 


3.722 
3.752 
3.726 
3.742 





This work 
Serin ef al. 
Lock eé¢ al. 
Maxwell and Lutes 








* Adjusted to normal isotopic mass from measurements on enriched 
samples. 


* Lock, Pippard, and Shoenberg, Proc. Cambridge Phil. Soc. 47, 
811 (1951). 

7Serin, Reynolds, and Lohman, Phys. Rev. 86, 162 (1952). 

8 E, Maxwell, Phys. Rev. 86, 235 (1952); E. Maxwell and O. S. 
Lutes, Phys. Rev. 95, 333 (1954). 
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Fic. 5. Deviation of the critical field of tin from the parabolic law, 
H.=Ho1—(T/T.)*). 


range of reduced temperature by an exponential with 
slightly different constants. 

For a number of the soft superconductors, the ratio 
C.,/C 1, is so small that accurate determinations of C,, 
from calorimetric data are impossible without con- 
siderably improved calorimetric techniques. However, 
for those for which precise magnetic measurements 
exist, a comparison can be made between the mag- 
netically determined H,—T curves and those for Sn 
and V derived from calorimetric measurements. For 
such a comparison, it is convenient to plot deviations 
of the reduced critical field from the parabolic law 
against the reduced temperature squared as was done 
for tin in Fig. 5. The magnetic data of Maxwell and 
Lutes* for In, Tl, and Hg are compared with corre- 
sponding derived results for Sn and V in Fig. 6. 

The similarity between the H.—T relationships for 
In and TI and those for V and Sn is evidence that they 
must have quite similar electronic specific heats in the 
superconducting state. On the other hand, mercury 
exhibits quite different behavior, showing no deviation 
from the parabolic law within the experimental accu- 
racy. This result is in agreement with the earlier work 
of Reynolds, Serin, and Nesbitt.® Thus, by the thermo- 
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Fic. 6. Comparison of the deviations from the parabolic law 
for Sn, V, In, Tl, and Hg. 
* Reynolds, Serin, and Nesbitt, Phys. Rev. 84, 691 (1951). 
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dynamic treatment of Gorter and Casimir’ C,, must 
follow a very nearly cubic temperature dependence 
over the range of temperature covered by the magnetic 
measurements. It should be pointed out, however, that 
at low reduced temperatures the critical field is a very 
insensitive measure of C,,. Assuming that the lattice 
contribution is the same in the normal and super- 
conducting state, 


VTy @H. /dH.\? 

Cony +— H +( ) | (4) 
4nt dT? dT 
At low reduced temperatures, C,, decreases much more 
rapidly than yT and therefore becomes a small differ- 
ence between two larger quantities. Furthermore, at 
low reduced temperature, H, varies slowly with tem- 
perature so that the temperature derivatives are not 
easily obtained from magnetic measurements. It is, 
therefore, possible that below some temperature C,, for 
mercury may also assume an exponential temperature 
dependence. 


IV. CONCLUSIONS 


The experimental evidence of this paper strongly 
supports the suggestion of the previous paper that a 
predominantly exponential temperature dependence of 
Cw is a characteristic property of superconductors. 
Furthermore, there is evidence that a number of super- 
conductors obey a law of corresponding states. Mercury, 
alone, of the superconductors for which there are 
published data of sufficient accuracy to make a reliable 


” C. J. Gorter and H. B. G. Casimir, Physica 1, 306 (1934). 
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comparison, deviates appreciably from the reduced 
relationships found applicable to vanadium and tin. 

Recent measurements"! have shown that, in mercury, 
not only is the Debye © very low but it is also varying 
rapidly with temperature in the superconducting tem- 
perature region, rising from a minimum of 50°K at 3°K 
to a low-temperature limiting value of 75°K at 1°K. 
In view of recent evidence suggesting that supercon- 
ductivity arises from electron-lattice interactions, it 
may be that the anomalous superconducting behavior 
of mercury is related to the fact that © is low and/or 
varying rapidly with temperature. If so, one might 
expect to find similar behavior in lead which also has 
a low Debye @ in its superconducting temperature 
range. However the variation of © with temperature is 
not as great as in mercury. The minimum in 9, ap- 
proximately 87°K, occurs at 12°K and the low-tem- 
perature limiting value of 96°K is reached at about 4°K. 
(Existing H.—T data for lead are not sufficiently 
accurate to make a significant comparison with other 
superconductors.) Unfortunately, for both mercury and 
lead, C,, would be expected to make a very small con- 
tribution to the total atomic heat (<3% for mercury 
and <7% for lead) so that an accurate determination 
of C,, from calorimetric measurements would be ex- 
tremely difficult. 
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Electron emission from a superconducting tin surface at low electric field strengths was sought for. 
The sample was the cathode of an electron gun, which was focused on a NaI(T]) crystal. A photomultiplier 
tube and associated pulse-counting equipment was used as a detector for light pulses. The measurements 
indicate that at a field strength of 570 v/cm the order of magnitude of such emission is less than 100 


electrons/cm*-sec, under the surface conditions used. 





I. INTRODUCTION 


EASUREMENTS of the contact resistance 

between two superconductors and between a 
superconductor and a normal conductor separated by 
an insulating barrier'~* indicate: (1) for two supercon- 
ducting members, the disappearance of the barrier 
resistance below a critical current at a temperature 
below the critical temperatures of both elements; 
(2) for one superconducting member, the reduction of 
the barrier resistance below a critical current at a 
temperature below the critical temperature of this 
member. 

The current transfer through the barrier in these 
cases, as well as in the case of two normal conducting 
members,‘ has been interpreted as being due to tunnel 
effect. It appears that the presence of a superconductor 
on one side of the barrier makes the penetration of the 
electrons easier. 

Therefore the question arises whether electron 
emission from a superconducting surface under the 
influence of electric fields is possible at field strengths 
too small to give rise to ordinary field emission. Gomer 
and Hulm® have already shown that the field emission 
current does not change by more than an amount 
corresponding to a change of 0.001 ev in effective work 
function when a metal becomes superconducting. 


II. EXPERIMENTAL METHOD 


An electron gun was constructed (see Fig. 1) in which 
the cathode was a tin sample. If electrons are emitted 
by the cathode, they are accelerated by the plane- 
parallel field of a grid, further accelerated and focused 
onto a NaI (TI) crystal. The ensuing scintillations of the 
crystal are converted into voltage pulses by a photo- 
multiplier tube, amplified and counted. In the last 
runs provision was made for placing the grid at a 
negative repelling potential in order to establish 


* This report is part of a thesis (F.B.) submitted in partial 
fulfillment of the requirements for the degree of Doctor of Philo- 
sophy at The Johns Hopkins University. 

1R. Holm and W. Meissner, Z. Physik 74, 715 (1932). 

21. Dietrich, Z. Physik 133, 499 (1952). 

3 F, Bedard and H. Meissner, Phys. Rev. 101, 26 (1956). 

4R. Holm, Electric Contact (Hugo Gebers Vérlag, Stockholm, 


1940). 
5 R. Gomer and J. K. Hulm, J. Chem. Phys. 20, 1500 (1952). 


whether increases in counting rate were due to electrons 
emitted by the sample. 

The specimen, tin of 99.998% purity, was cast in a 
copper holder. Its surface was etched in HCl and 
observed to be composed of essentially three large 
crystals, after which it was electropolished until 
shiny and smooth. 

The specimen holder was screwed into a copper shaft 
on the base plate of the electron gun (see Fig. 2) and 
the base plate soldered into place with indium-tin solder. 

Located directly above the specimen was a movable 
electrode whose lower end was covered with a 400- 
mesh copper grid which served to place a plane field 
on the specimen. This electrode, along with the other 
three, formed three electron lenses which focused the 
beam. The fourth electrode was kept at a potential of 
12 kv in order to give the electrons sufficient energy 
to be easily detected. 

A Nal(TI) crystal, glued by Gelva rosin to the 
Lucite light pipe, was used as a scintillator to detect 
the particles. In all runs except the fifth one, the back 
of the crystal was covered by an opaque 1500 A nickel 
foil. 

In order to lengthen the running time, a 16 in. long, 
1 in. diameter, commercially pure aluminum shaft 
was attached to the copper shaft on the base plate, thus 
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Fic. 1. Block diagram of experiment for measuring electron 


emission from superconducting Sn. 
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Fic. 2. Electron gun chamber. E—third electrode of electron 
gun; F—second electrode; G—first electrode; S—specimen; 
P—potential lead to first electrode; Q—potential lead to second 
electrode; L—lift assembly; A —accelerating grid. 


allowing the use of a larger Dewar vessel (see Fig. 3). 
This necessitated, however, the installation of a carbon 
resistance thermometer attached to the specimen 
support in order to determine the specimen temperature. 


Ill. CALIBRATION PROCEDURE 
(a) Electron Gun 


A tungsten filament, which covered the same area as 
the specimen, was heated to a temperature sufficiently 
high to obtain an emission current measurable by a 
meter. Then, under different grid voltage conditions, 
the current reaching a collector assembly was measured. 
This was done for different collector potentials in order 
to obtain the energy distribution of the electrons 
passing through the foil. This data is shown in Table I. 
It was later found that focus condition 8 burned a hole 
through the foil. Under this condition, the efficiency 
of the electron gun was again measured, producing data 
a’ and f’. 

The negative currents indicated for small potentials 
on the collector electrode are undoubtedly due to an 
ionization of the residual gas in the collector chamber 
by the high beam currents. 


(b) Detection 


Calibration of the mounted crystal and the phototube 
was accomplished with a Cd source of 22-kev y 


rays. Because spurious pulses were produced by the 
mounted phototube whenever the high-voltage supply 
was turned on or off, it was necessary to check the 
counting efficiency as a function of applied voltage. 
Comparative pulse-height distributions were made with 
an intense Cs'*’ source of 660-kev y rays for 0 kv and 
10 kv on the electron gun. These data indicated no 
difference in pulse height or counting rate of the 
phototube between these conditions. 

A tungsten wire loop around the specimen provided a 
means of calibrating the pulse height while the system 
was completely assembled for a run. With this filament 
heated and high voltage on the electron gun, a pulse- 
height distribution of the electrons striking the crystal 
could be made, and the pulse height corresponding to 
12-kev electrons determined. 


(c) Operating Procedure 


Both Dewars (see Fig. 3) were filled with liquid 
nitrogen, and then the nitrogen was siphoned out of the 
helium Dewar by helium gas pressure. This Dewar was 
then filled with liquid helium up to the level of the top 
depth gauge resistor, 5} liters of liquid being necessary 
to fill the vessel with approximately 2 liters. 

Table II lists representative measurements of count- 
ing rate at different grid potentials and temperatures, 
both above and below the critical temperature of tin. 
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Fic. 3. Experimental assembly. P—to helium pump; V—to 
high vacuum pumps; L—Lucite crystal mount; 7'—carbon 
thermometer; R—carbon resistance depth gauge; H—helium 
Dewar; N—nitrogen Dewar. 





ELECTRON EMISSION FROM SUPERCONDUCTORS 


IV. RESULTS 


A total of five runs at liquid helium temperatures was 
made. Of these, the first two were made with a puncture 
in the nickel foil at a corner of the crystal. Since it was 
later found, in run 5, that some sporadic discharge 
phenomenon occurred, it appears reasonable to neglect 
these runs. For no verification was obtained of the 
observed counting rate changes in the first two runs, 
since there was no provision for placing the grid at a 
repelling potential. 

From the data in Table II we see that there is no 
difference between the counting rates for the grid 
accelerating versus decelerating conditions. 

In run 5, which was performed without a foil, spo- 
radic discharges necessitated 1-minute measurements of 
counting rates. However, there still appears to be no 
difference between the measurements under the two 
grid conditions. This absence of a current change is 
real, in spite of discharges; because there is no back- 


TABLE I. Measurements of efficiency of electron gun. 





TABLE II. Measurements of counting rate. 








Grid 
potential Counts/ 
(volts) min 


40.9+1.6 
47.041.8 
51.041.8 
38.6+1.6 
41.341.7 
40.9+1.6 
38.5+1.6 
39.4+1.6 
102.5+2.6 
115.342.8 
102.0+2.6 
74.242.2 
72.0+2.2 
48.2+1.8 
50.7+1.8 
223415 
144+ 12 
146+12 
144+12 
120+11 
148+ 12 
110+11 
99+10 


Temperature (°K) 


Run Bath Resistor* 


3 4.21 


Efficiency 


0.12% (for 
accelerating 
potentials) 





0.16% (for 
accelerating 
potentials) 
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ground rate change when the grid potential is changed 
from an accelerating condition to a decelerating 
condition. This is shown by the fact that counting rate 
differences between the two grid conditions, accelerating 
and decelerating, show no dependence upon the 
accelerating potential. 

Table III lists the limits of sensitivity of the experi- 
ment for detection of electrons emitted by the specimen 
of superconducting tin. They were calculated using the 
root mean square error of the measured background 
rate as the limit of sensitivity of detection, divided by 
the efficiency of the electron gun. Since the area of the 
sample was 0.079 cm’, the sensitivity can then be 
given in electrons/cm*-sec. 


Vv. CONCLUSIONS 


The usual theoretical treatment of the current 
transfer through a normal conducting contact with a 
barrier in between considers the bulk properties of the 





* The resistor temperature is assumed to be the temperature of the 
specimen. The critical temperature of tin is T- =3.73°K. 


materials involved. For instance, if the barrier material 
is an insulator, it is assumed that also a very thin 
layer of it is insulating and that the thickness of this 
layer is the gap width through which current transfer 
by tunnel effect takes place (see reference 4). It must 
be pointed out, however, that this treatment gives 
results which do not always agree with experiment.® 
No attempts have been made yet to explain the reduc- 
tion of the barrier resistance if one side becomes 
superconducting. There is strong evidence that the 
electronic states change if a metal becomes supercon- 
ducting, although it is not quite clear just how they do 
change. The possibility therefore exists, that this change 
of the electronic states makes the tunnel penetration 
easier. However, this assumption seems to imply an 
asymmetry in current conduction, i.e., a rectification, 
which is not observed. Furthermore, it is just this 
assumption which would lead one to expect electron 
emission from superconductors under the influence 
of a weak electric field. Without a detailed theory, 
however, it is of course impossible to give numerical 
values for such expected emission. In addition, it is 
not quite certain that the surface conditions used 


TABLE IIT. Analysis of electron emission from Sn sample. 








Grid Sample Emission in 
voltage field strength Temperature electrons/ 
volts volts/cm °K sec-cm? 


570 


3800 
20 000 





200 
1400 
7200 


<15 
<250 


<3.0 
2.80 
<3.0 <1000 








1. Dietrich, Z. Physik 132, 231 (1952). 
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represent those of an ideal superconducting surface. 
Nevertheless, this type of experiment seems capable 
of giving information about the electronic states in a 
superconductor. 

The technique of measuring currents from approxi- 
mately 10-* ampere to 10~’ ampere with a charged 
particle counter extends the range of measurements 
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in many electron emission experiments. For instance, 
studies of weak thermionic emission and weak field 
emission are two examples of experiments which can be 
done with this method. Various counters could be 
employed; Geiger counters, scintillation counters, or 
electron multiplier assemblies. Such a program is now 
being set up. 
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Magnetic Measurements on Individual Microscopic Ferrite Particles 
Near the Single-Domain Size 


A. H. Morris anp S. P. Yu 
University of Minnesota, Minneapolis, Minnesota 


(Received December 27, 1955) 


A novel quartz-fiber torsion balance is employed to make magnetic measurements on individual micro- 
scopic ferrite particles. A very direct experimental test provides strong evidence for the existence of single- 
domain magnetic particles. Further, the results confirm theoretical calculations of the critical single-domain 


size within a smail factor. 


INTRODUCTION 


N theoretical grounds, there is strong reason for 
believing that a sufficiently small particle of 
ferromagnetic material will exist as a single domain. 
This configuration will result if the associated mag- 
netostatic energy is less than the energy required to 
form either Bloch walls or else a circular arrangement 
of the atomic spins. Either of the latter configurations 
would reduce or remove the magnetostatic energy. 

The experimental evidence for the existence of single- 
domain particles has been obtained by measurements 
made on powders or suspensions containing many small 
particles. The evidence presented so far has been at 
best indirect, and further, can usually be criticized on 
some additional grounds. 

It was thought that an experiment in which an 
individual microscopic magnetic particle was investi- 
gated might provide very direct experimental evidence 
on whether or not single-domain particles exist. Meas- 
urements on an individual particle eliminate several 
of the factors present in powders. Chief among these 
are the interparticle interactions and the averaging 
effect due to the different orientations of the powder 
particles. Therefore, a novel quartz-fiber torsion balance 
was constructed.' This balance permitted measurements 
to be made on an individual micron-sized magnetic 
particle. The relative remanent magnetization of a 
particle was determined by noting the deflection of the 
balance in some inhomogeneous magnetic field. 

The idea underlying the experiment is as follows. A 
single-domain particle will have only two, or some small 
multiple of two, directions along which the magneti- 


1S. P. Yu and A. H. Morrish, Rev. Sci. Instr. 27, 9 (1956). 


zation vector will lie. Therefore, the deflection, in the 
inhomogeneous field, will only be able to assume certain 
constant values that differ from each other by some 
relatively large discrete amount. On the other hand, 
with a multidomain particle, one would expect that 
the net remanent magnetization, and therefore also 
the deflection, could be varied in a continuous fashion, 
up to of course, some maximum amount. 

This idea is closely related to the fundamental 
properties of single-domain particles investigated 
theoretically by Stoner and Wohlfarth2? 


PREVIOUS EXPERIMENTS 


It is pertinent to consider the previous experimental 
evidence for the existence of single-domain particles. 

Frequently it is supposed* that the large coercive 
force observed for powders containing small particles 
is evidence for single-domain behavior. This is not con- 
clusive for a variety of reasons. The coercive force 
increases as the particle size decreases, even in the multi- 
domain region. No evidence has been put forward that 
there is a sudden discontinuity in the coercive force as 
the critical size is reached. In fact, there is some evi- 
dence that the coercive force continues to increase for 
particles smaller than the critical size. Further, the 
absolute value of the coercive force obtained for sup- 
posedly single-domain powders is usually considerably 
less than that predicted by theory. 

Another experiment has been carried out by Kittel 


2 E. C. Stoner and E. P. Wohlfarth, Trans. Roy. Soc. (London) 
A240, 599 (1948). 

* F. Bertaut, Compt. rend. 229, 416 (1949); C. Guillaud, thesis, 
Strasbourg, 1943 (unpublished) ; W. H. Meiklejohn, Revs. Modern 
Phys. 25, 302 (1953). 
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et al. to determine whether or not a powder was single- 
domained. The idea of this experiment is that a powder 
consisting of small single-domain spherical particles 
(nickel) would require a field of ~2K/I for saturation, 
whereas a powder of larger multidomain nickel par- 
ticles would require a field of ~4r/J/3 for saturation. 
This second field is much larger than the first ; experi- 
mental results gave saturation fields of about the 
predicted amounts. However, as Kittel e¢ a/. themselves 
point out, the results show only that the small particles 
are Close to the single-domain size where the exchange 
energy approaches the demagnetization energy. Fur- 
ther, this does not necessarily mean that slightly smaller 
particles are certain to be single domained. One must 
admit the possibility that the size at which the particles 
become paramagnetic will be reached first, so that no 
region in which the particles are single domained would 
exist. 

Elmore’ measured the magnetization curve of col- 
loidal magnetite and colloidal siderac. If the particles 
were small permanent magnets, one would expect them 
to behave as the molecules of a classical paramagnetic 
gas, and have a magnetization curve given by the 
Langevin equation : 


I=I,(cotha—1/a), a=yH/kT. 


Experiment showed that this was so. It was concluded 
that the collidal particles were single domained. How- 
ever, it is possible that small particles have a remanent 
magnetization, even though they are multidomained. 
If domain wall motion was small, results of the sort 
Elmore observed would have been expected. The 
highest field strength used was 500 oersteds. 

Finally, experiments in which powders are compressed 





-—— 


Fic. 1, The suspension system of the torsion balance. 


‘Kittel, Galt, and Campbell, Phys. Rev. 25, 302 (1950). 
5 W. C. Elmore, Phys. Rev. 54, 1092 (1938). 
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Fic. 2. The balance as seen in a horizontal plane through the 
“T.” H is the magnetic field produced by the solenoids E, con- 
nected in opposition, to produce the force on the particle. 


may show a decrease of the coercive force as the density 
of the powder is increased.*:? However, this behavior is 
expected only for single-domain particles with a shape 
anisotropy. 


TECHNIQUE 


A description of the quartz-fiber torsion balance has 
been published elsewhere.! For completeness, a very 
brief summary will be given here. In order to get a 
reasonably large deflection with a 1 particle, the 
quartz suspension fiber (A-B of Fig. 1) is made very 
fine, about 0.54 in diameter. Larger fibers are often 
used when experiments are performed on larger mag- 
netic particles. Two thicker quartz fibers, forming an 
inverted ‘‘T,” hang at the bottom of the fine fiber at 
B. A mirror cemented to the vertical member of the 
“T” at C, together with a galvanometer lamp and scale 
(F), permits observation of a deflection of the system. 
The magnetic particle is glued at one end of the hori- 
zontal quartz fiber (D). The suspension system is 
housed in a specially designed apparatus (not shown), 
which overcomes the problem of zero drift. The mag- 
netic particle is magnetized by discharging a bank of 
condensors charged to some definite voltage through 
two air solenoids connected in series (EZ). The deflection 
for a particular amount of remanent magnetization of 
the particle is obtained by applying an inhomogeneous 
field, whose gradient is fairly large, but whose absolute 
magnitude is small, at least compared to the mag- 
netizing field. The force on the particle is indicated in 
Fig. 2, which is a drawing of the system in a horizontal 
plane passing through the lower arm of the inverted 
sad Fes 

The sequence of measurements made depended on 
whether the magnetic particle on the balance appeared 
to behave as a single-domain or a multidomain particle. 

If it appeared to be single domained, first a large 


°L. Weil, J. phys. radium 12, 437 (1951). 
7A. H. Morrish and S. P. Yu, J. Appl. Phys. 26, 1049 (1955). 
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field pulse, of about 2000 oersteds, was applied in one 
direction, which for convenience we shall call the 
negative or left direction. The deflection of the system 
in an inhomogeneous field was then observed for a given 
current. The current chosen was such as to give a con- 
venient deflection. Then, a small pulse, of say 100 
oersteds, was applied in the reverse, or right (positive) 
direction. Again the deflection in the same inhomo- 
geneous field was observed. Next, the 2000-oersted 
field was applied in the left direction, followed by 
another pulse, of say 200 oersteds, in the right direction. 
Again, with the same inhomogeneous field, the de- 
flection was observed. The sequence was repeated with 
the large field in the left direction, followed by ever 
increasing field pulses to the right. 

If the particle appeared to be multidomained, the 
procedure was as for a single-domain particle, except 
that in order to start each pulse to the right from 
approximately the same state of magnetization, the 
large field pulse applied each time to the left was 
replaced with a decaying oscillatory field. Such a 
field essentially demagnetizes the particle and leaves 
it in a nonmagnetic state. 

Previous theoretical calculations’ indicate that a 
Fe;0, or y-Fe,O; particle of prolate spheroidal shape, 
with a major to minor axis ratio of about 5, and about 
iz in length, will be single domained. On the other 
hand, a spherical particle of these materials would be 
multidomained if larger than ~0.05u in diameter. 
We had available powders’ of magnetite or gamma ferric 
oxide, containing (i) acicular particles of length about 1 
to 2u and with major to minor axis ratio ranging from 
8/1 to 6/1, (ii) cubical particles about 1p in diameter, 
and (iii) irregularly shaped particles whose sizes varied 
up to about 60, in diameter. 

Experimental results, obtained with the torsion 
balance, on particles of the aforementioned powders, 
are reported in the next section. 


RESULTS 


The results on one of the irregular shaped particles 
of Fe,O,, about 60 in diameter (curve A), and on one 
of the cubical 1p particles of Fe;O, (curve B), are shown 
in Fig. 3. It is clear that the amount of remanent 
magnetization of each particle depended in a monotonic 
continuous fashion on the size of the applied field pulse. 
One can conclude that both these particles were multi- 
domained, in accord with theoretical predictions.’ It 
is to be noted that the actual deflections observed for 
the two particles were about equal in magnitude. This 
resulted because (a) the gradient of the magnetic field, 
used for the deflection, was about twenty times greater, 
and (b) the diameter of the suspension fiber was about 
five times smaller, for the cubical particle than for the 
large angular one. Further, the maximum equivalent 
deflection for the cubical particle was about six times 
the maximum calculated! for a single-domain acicular 
particle, assumed to be a prolate spheroid of 1.0y 


A. H. MORRISH AND S. P. 


YU 


° 400 61600 


Fic. 3. The deflections of (A) a 60u irregularly shaped particle 
of Fe;0,, and (B) a cubical 1p particle of FeyO,, as a function of 
a previously applied magnetic field pulse. 


major axis length and 0.24 minor axis length. This is 
reasonable, even though the volume of the cubical 
particle is about twenty-five times that of the acicular 
one, since the remanent magnetization of a multi- 
domain particle is expected to be considerably less than 
the saturation magnetization. For the most favorable 
case, the remanent magnetization of a single-domain 
particle is equal to the saturation magnetization. 

Next, measurements on one of the acicular particles 
of -Fe30; described earlier, are shown in Fig. 4. Since 
both theory’ and preliminary measurements indicated 
this to be a single-domain particle, the pulse procedure 
for a single-domain particle was used to obtain the 
illustrated data. It is obvious that the remanent 
magnetization remained constant until a field pulse of 
about 559 oersteds was applied. Such a field caused a 
small discontinuous change of the remanent mag- 
netization. Further, a field pulse of about 800 oersteds 
caused another larger discontinuous change in the 
remanence. The remanence then remained constant with 
larger magnetic field pulses. 

There are two possible explanations for the double 
“jump” in the remanence. One is that there were in 
reality two particles on the balance. Even with the 
highest magnifications possible with an optical micro- 
scope, it is difficult to be sure that only one particle 
has been isolated because of diffraction effects. The 
second possibility arises if an easy direction of mag- 
netization for crystalline anisotropy is not along the 
easy direction for the shape anisotropy. This means 
that instead of there being only two directions of energy 
minima, and therefore only two directions along which 
the magnetization vector can lie, there may be four, or 
even more directions along which there are energy 
minima. However, we have plotted the magnetostatic 
and the anistropy energies for various relative orien- 
tations for an acicular particle of Fe;O,. In this case 
it seems that the shape anisotropy so predominates 
that it swamps the crystalline anisotropy. It therefore 
seems unlikely that there are more than two stable 
positions for the magnetization vector. We conclude 
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therefore, that the results of Fig. 4 are due to two 
particles, each of which is a single domain. 

It will be observed that there is an asymmetry in 
Fig. 4. This is due to the fact that there are two torques 
acting on the particle during the deflection, one due to 
the gradient of the applied magnetic field, and the other 
due to mXH. The torques add in one direction, and 
subtract in the other.! Finally, the magnitude of the 
observed deflection is in accord with that predicted 
by the calculations for an acicular particle! of this size. 

Unfortunately, at this point in our experiments, we 
depleted the original supply of the quartz with which 
we had fabricated the suspension system of the torsion 
balance. This quartz had no detectable magnetic im- 
purities. All further supplies we have been able to 
obtain up to the time of writing had some magnetic 
impurity. The result is that the deflection due to the 
impurity is usually several times that of one of the 
acicular particles, and consequently the discontinuous 
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Fic. 4. The deflections of an acicular micron-sized y-Fe,0; 
particle, produced by applying an inhomogeneous magnetic field 
as a function of a previously applied magnetic field pulse. 


jump in magnetization of the single-domain particle 
is not detectable. 

However, we have fortunately succeeded in con- 
structing two suspensions from the impure quartz in 
which the deflections due to the impurity and due to 
an acicular particle have been about the same magni- 
tude. It is not ciear whether these results have been 
achieved because of a smaller amount of impurity in 
the quartz of these particular suspension systems, or 
whether by chance the effect of one arm of the “T” has 
balanced out the effect of the other. 

The results for one of these suspensions is shown in 


O—© ACICULAR 
T= FeO, 
@---@ NO PARTICLE 


°o 


DEFLECTION (ARBITRARY UNITS) 


“1600 -I200 -800 -400 ° 400 800 1200 600 2000 
APPLIED FIELD PULSE (OERSTEDS) 


Fic. 5. The deflection of a quartz suspension system with and 
without an acicular y-Fe,O; particle. 


Fig. 5. The full curve shows the deflection with the 
particle glued on the balance. A field pulse of 1100 
oersteds causes a discontinuity in the remanence. 
Further, since the field pulse at which the discontinuity 
occurs should depend on the angle the major axis of the 
acicular particle makes with the magnetic field, the 
suspension system was rotated about 22°. It was then 
observed that the discontinuity in the remanence 
occurred at about 1000 oersteds. (These results have 
not been plotted in Fig. 5). Finally, the broken curve 
of Fig. 5 shows the deflection that resulted after the 
acicular particle had been clipped off the “T.” 

Similar results to those of Fig. 5 were obtained for 
another suspension. 

Therefore, in spite of the impurity in the quartz, 
additional evidence has been obtained which strengthens 
the conclusion that the acicular particles are single- 
domained. 


CONCLUSION 


The existence of single-domain magnetic particles 
has been investigated in a very direct way. The results 
give strong evidence for the existence of single-domain 
particles. Further, the theoretical value of the critical 
size for single-domain behavior is roughly confirmed. 
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Neutron Diffraction Observation of Heat Treatment in Cobalt Ferrite 
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The effect on cobalt ferrite of heat treatment in a magnetic field has been studied by neutron diffraction. 
The data indicate that the magnetic moments are, in general, displaced from the directions which would be 
expected from consideration of crystalline anisotropy alone. The effect is greater in ferrites that are iron rich 
than it is in stoichiometric ferrites. The results are consistent with magnetic data. 





INTRODUCTION 


N a recent paper,' Bozorth, Tilden, and Williams 
have discussed observations of magnetic anisotropy 
and magnetostriction in cobalt ferrite and cobalt zinc 
ferrite. In particular, they have described the changes 
in apparent anisotropy which result when single crystals 
and polycrystalline samples of these substances are 
annealed in a strong magnetic field. In the early stages 
of a study of the mechanism of this phenomenon, it 
appeared as if neutron diffraction evidence might 
answer two specific questions. First, if the response to 
heat treatment involved ordering of iron and cobalt 
ions, then the comparatively large difference in neutron 
scattering power of iron and cobalt nuclei might lead 
to extra diffraction effects that would not be observed 
with x-rays, and, second, the sensitivity of neutrons to 
the internal arrangements of magnetic moments on a 
unit-cell scale might shed further light on the basic 
mechanism. 


EXPERIMENTAL OBSERVATIONS 


Neutron-diffraction powder patterns were obtained 
from cobalt ferrites having the formula Co;_,Fe2;,0., 
with several values of x from 0 to 0.5. The samples 
were provided by F. J. Schnettler, and were ceramic 
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Fic. 1. Neutron diffraction powder pattern for Coo.ssFee.15O4. 
H perpendicular to reflecting planes. 


* Guest Scientist at Brookhaven National Laboratory, Upton, 
New York. 
1 Bozorth, Tilden, and Williams, Phys. Rev. 99, 1788 (1955). 


cylinders about 2 cm in diameter and 5 cm long. 
Chemical analysis showed that the metal-ion ratios 
were within 1% of their nominal values, although all 
compositions were slightly oxygen rich. The samples 
having values of x of 0, 0.15, and 0.23 were first meas- 
ured as received and then heat-treated with a magnetic 
field of several thousand oresteds along a diameter. 
After heat treatment, two patterns were run on each 
sample, one with the direction of the heat-treating 
field, Hr, perpendicular to the reflecting planes, and 
one with Hr lying in the reflecting planes. A typical 
pair of such diffraction patterns, those for x=0.15, is 
shown in Figs. 1 and 2. 

Cobalt ferrites have the spinel structure, which is 
based on cubic close packing of oxygen ions. The unit 
cell contains 32 oxygen ions, 8 metal ions in “A” sites 
with tetrahedral coordination, and 16 metal ions on 
“B” sites with octahedral coordination. The “normal” 
structure has divalent ions on the A sites and trivalent 
ions on the B sites, while the “inverse” structure has 
trivalent ions on the A sites and the B sites are occupied 
by divalent and trivalent ions distributed at random. 
On the basis of saturation magnetization measurements, 
cobalt ferrite has been assumed to have the inverse 
structure. Table I shows a list of observed and calcu- 
lated intensities for the x=0.15 sample, as measured 
before heat treatment. In these calculations it has been 
assumed that the structure is completely inverse, that 
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Fic. 2. Neutron diffraction powder pattern for Coo.3;Fes, 150. 
HZ in reflecting planes. 
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TaBLE I, Calculated and observed intensities in the neutron 
diffraction powder pattern for Coo.ssF'e2.1504 before heat treat- 
ment. 








Calculated intensity 
Etughet Bingaatic 


Observed 
intensity 
° 


55.4 
27.8 
47.0 
17.8 
45.0 
12.5 


Total 
Ie 





55.4 
26.1 
45.6 
18.5 
44.2 
11.9 
13.9 16.9 


37.5 38.0 
100 100 








the oxygen parameter u, which measures the space 
available for an A-site ion, is 0.381, and that the 
magnetic moments are 88% oriented at room tempera- 
ture. This last assumption is inferred from the intensity 
of the (111) reflection. All intensities are referred to the 
intensity of (440), which is entirely due to nuclear 
scattering, and is quite insensitive to any of the variable 
parameters. The magnetic calculations assume the 
magnetic form factor given by Corliss, Hastings, and 
Brockman.’ J, is the calculated nuclear scattering, 
I, is the calculated magnetic scattering, J, is the total 
calculated scattering, and J is the observed intensity. 

The agreement is quite satisfactory, indicating that 
the assumptions listed above are essentially correct. 
Table II lists the observed intensities after heat treat- 
ment. The total intensity is listed in the first two 
columns, while the magnetic intensity, obtained by 
subtracting the calculated, nuclear intensity from the 
observed intensity, is listed in the third and fourth 
columns. Here J,, refers to the case where the normal to 
the reflecting planes is parallel to the treating field, 
Hr, while J, refers to the case where the normal is 
perpendicular to Hr. 

Similar diffraction patterns for cobalt ferrites with 
values of x of 0 and 0.23 showed the same general 
features, although the effect of heat treatment on the 
magnetic intensities of the patterns taken in the two 


orientations increased markedly with increasing values - 


of x, which is consistent with the magnetic obser- 
vations.! These three samples, as well as additional 
samples with nominal values of « of 0.40 and 0.50, were 
examined for evidence of extra diffraction peaks that 
would indicate ordering of iron and cobalt. No such 
extra peaks occur in any pattern. The data do not 
eliminate the possibility of some short-range order. 


DISCUSSION OF RESULTS 


The most significant features of the data lie in the 
comparative effects of the heat treatment on the in- 
tensities of peaks which have different orientations 


2 Corliss, Hastings, and Brockman, Phys. Rev. 90, 1013 (1953) 
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TABLE II. Observed intensities in the neutron diffraction 
powder pattern for Copo.ssFes.1sO, after heat treatment. 





hkl In (Jmag) (Imag) 
’ 57.4 49.7 
26.4 ; 9.5 4.9 
19.1 11.3 10. 
52.4 19.8 : 
14.0 13.0 

5.2 





220 
222 
400 








with respect to the directions of easy magnetization in 
the crystallites. In cobalt ferrite the directions of easy 
magnetization lie along the cube axes. The magnetic 
contribution to neutron diffraction intensity is pro- 
portional to the average value of sin’a, where a is the 
angle between the magnetic moment and the normal 
to the reflecting plane. In cases where the magnetic 
moments are distributed at random along the three 
cube directions, this average value is equal to 2/3, and 
is independent of the orientation of the plane. Since the 
angle between a cube direction and a [111] direction 
is equal to cos~!(1/V3), the value to sin’a must be equal 
to 2/3, irrespective of the distribution of the moments 
among the cube directions, for any order of reflection 
from a (111) plane. Therefore, any mechanism of heat 
treatment that implies only a redistribution of moments 
among the three cube directions also implies that heat 
treatment should have no effect on the magnetic in- 
tensities of the (111) and (222) peaks. A difference 
does occur, however, which is far beyond the limits of 
experimental error. This difference can only be explained 
by the assumption that the moments are rotated toward 
the direction of the heat treating field, H7, by an angle 
which averages about 3° in the «=0.15 sample, and 
nearly 6° in the x=0.23 sample. In the x=0 sample the 
rotation is small but visible. By contrast, the behavior 
of the (400) is quite different. Here J,, is essentially 
zero, while J, is in substantial agreement with the value 
to be expected for sin’a=1. Other reflections show 
intermediate behavior. 

The neutron data are consistent with the magnetic 
data of Bozorth et al., which indicate that the effect 
of heat treatment is to superimpose an additional 
anisotropy term which has uniaxial symmetry about 
Hr on the crystalline anisotropy. Thus if Hr is parallel 
to a particular easy direction of magnetization in the 
crystal, the additional term makes that direction easier 
than the others, giving the large change in the (400) 
intensity. Conversely, if Hr makes an angle with the 
crystalline easy directions, the effect is to displace the 
minima in the resultant anisotropy surface away from 
those easy directions. 

Nesbitt, Williams, and Bozorth’ have shown that 
some of the magnetic properties of single crystals of 
Fe,NiAl may be explained by the presence of a pre- 


3 Nesbitt, Williams, and Bozorth, J. Appl. Phys. 25, 1014 (1954). 
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cipitate oriented along certain crystallographic di- 
rections. Bozorth, Tilden, and Williams have suggested 
that the presence of such an oriented precipitate in 
cobalt ferrite may explain their results obtained by 
heat treatment of this material in a magnetic field. 
More recently Williams, Nesbitt, and Heidenreich‘ 
have found more direct experimental evidence for this 
idea by the use of torque curves and electron diffraction. 
It is possible that this view could be confirmed by a 


4 Williams, Nesbitt, and Heidenreich (to be published). 
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study of the diffuse scattering of x-rays from single 
crystals of these substances. 
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Resistivity of Interstitial Atoms and Vacancies in Copper* 
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The residual resistivity associated with the presence of interstitial atoms or vacancies in copper is studied 
with particular attention devoted to the scattering of conduction electrons resulting from lattice distortions 
surrounding the imperfections. For interstitials this scattering is found to be an order of magnitude larger 
than that from the defect itself. For vacancies it is smaller but still important. Interference between scat- 
tering from the defect and the surrounding lattice distortion is computed and found to be very small. The 
calculated resistivity associated with one atomic percent of interstitial atoms is 10.5 nohm cm. The corres- 
ponding value for vacancies is 1.5 zohm cm. Using nominal values for the energy of formation of these defects, 
the stored energy to resistivity ratios associated with interstitials, vacancies, and interstitial-vacancy pairs 


are 1.4, 3.4, and 1.6 cal/g per ohm cm, respectively. 


I. INTRODUCTION 


HE increase in the residual resistivity of copper 
arising from the presence of interstitial atoms or 
vacancies has been studied by several workers. Dexter! 
approximated the scattering potential associated with 
the imperfections by a shielded Coulomb interaction, 
(e/r) exp(—yur), and computed electronic transition 
matrix elements by the Born approximation. The 
shielding constant » was adjusted so that the compu- 
tation yielded experimental values when applied to the 
analogous problem of substitutional impurities having 
adjacent atomic number. The estimated resistivity 
change for 1% of interstitials was 0.6 ywohm cm, 
and for 1% of vacancies was 0.44 ohm cm. Dexter 
also investigated the scattering arising from the 
elastic distortion of the lattice surrounding the im- 
perfections. He concluded that such effects probably 
contribute less than 10% to the scattering cross sec- 
tions for both types of imperfection. In making this 
estimate the discrete positive ion lattice was approxi- 
mated by a smeared-out positively charged continuum. 
In treating the same problem, Jongenburger’ used 


*This work was supported in part by the Office of Naval 
esearch 
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2 P. Jongenburger, Appl. Sci. Research B4, 237 (1953). 


for the scattering potential of a lattice vacancy a 
shielded Coulomb interaction with constants adjusted 
so as to fit as closely as possible the Hartree field of a 
copper atom. The scattering cross section was computed 
by the partial wave method. Jongenburger obtained a 
resistivity of 1.8 wohm cm per atomic percent of 
vacancies. (Jongenburger gives a value of 1.3, but 
apparently a numerical error was made in converting 
phase shifts to resistivity.) He estimated the contri- 
bution arising from elastic distortions by comparing 
the displacement of nearest neighbors of the vacancy 
with the root mean square atomic displacements caused 
by lattice vibrations, which are responsible for the 
temperature dependent electrical resistivity. A value 
of 0.04 ohm cm was obtained. Jongenburger® has also 
estimated by the same method the extra resistivity 
caused by interstitial atoms. For the contribution of 
the interstitial scattering potential alone a value of 1 
to 2 wohm cm was found, and an additional 3.5 wohm 
cm resulting from nearest neighbor displacements was 
obtained. 

More recently, Blatt‘ has computed the resistivity 
associated with one atomic percent of interstitial atoms, 
assuming that the scattering effects of elastic strains 
can be neglected. An appropriately screened Hartree 


3 P. Jongenburger, Nature 175, 545 (1955). 
‘F. J. Blatt, Phys. Rev. 99, 1708 (1955). 
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field for a Cut+ ion was used in conjunction with a 
partial wave analysis of the scattering. The calculation 
yielded 1.4 wohm cm. The method was applied also to 
the problem of substitutional impurities having ad- 
jacent atomic number. The results were generally larger, 
by about a factor of two, than experimentally deter- 
mined resistivities. Blatt concluded that systematic 
errors (arising perhaps from the use of the free electron 
approximation) were being made, and suggested that 
the computed resistivity associated with either inter- 
stitial atoms or vacancies should be divided by a factor 
of two. This conclusion indicates that the contribution 
of one atomic percent of interstitial defects or vacancy 
defects to the resistivity is about 0.7 and 0.9 yohm cm, 
respectively. 

The purpose of the present paper is to examine in 
greater detail the contribution of the elastic displace- 
ment of atoms near the imperfections to the increase 
in the residual resistivity. We shall find that such effects 
are not so small as has been supposed. In fact, for the 
case of interstitial atoms, we shall find that the scatter- 
ing from the strained regions of the lattice is an order of 
magnitude larger than the scattering from the inter- 
stitial atoms themselves. The treatment of the problem 
to be given has several virtues: the free electron ap- 
proximation is not made, and unknown parameters such 
as the effective mass and the electron-lattice interaction 
constant are eliminated by comparing the final formula 
with the theoretical resistivity associated with lattice 
vibrations, in which the unknown parameters appear 
identically. The experimental lattice resistivity is then 
used, due account being taken of the role of umklapp 
processes, to obtain the residual resistivity resulting 
from the strained lattice. 


II. SCATTERING CROSS SECTION OF 
INTERSTITIAL STRAINS 


In treating the interaction between the conduction 
electrons and the lattice distortion we shall make use 
of the rigid-ion model,® so as to be specific. We could 
employ instead the deformable-ion model, but the 
results will not depend upon the particular model 
chosen so long as the same approach is used in com- 
puting the scattering associated with lattice vibrations. 

Let U(r—L) be the effective potential energy of an 
electron arising from the atom located at the lattice 
point L of the crystal. The wave functions of the con- 
duction electrons for the undistorted lattice will be 
Bloch waves, 

Vi= uye'*'*/N}, 


where J is the number of atoms in the lattice. If an 
atom is displaced from its normal position, the per- 
turbation is 


U(r—L—u_z)—U(r—L) = —u,-VU(r-L), 


5 See, for example, A. H. Wilson, The Theory of Metals (Cam- 
bridge University Press, Cambridge, 1953), Chap. 9. 
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where uz is the displacement vector of the atom. The 
total scattering potential is, then, 
V=->d1 uz: VU(r—L). (1) 


The matrix element for the scattering of an electron 
from y¥;, to Yr is 


Vix = —N- yi ur: J vetme«0U Lar, 


where q=k’—k. This expression can be written 


Vie =—N™ Comet futne -DVU (e— L)dr. 


The integral extends over the entire crystal, but it has 
contributions only from the lattice cell L, since U (r—L) 
is zero outside of the cell. The integral is independent 
of L and, when evaluated approximately,® yields iCq, 
so that 

Vine = —iCN- dy 1 q:uze tl, (2) 


where C, the electron-lattice interaction constant, 
generally has a magnitude of several electron volts (and 
is negative for the rigid-ion model). 

The differential scattering cross section, o(k,k’), for 
scattering from the state whose wave vector is k to 
states in the solid angle dQ(k’), is given by 


m?| Vin | 3 
o(k,k’) =— =A 
4*h* 


where y= m?C?/47°N°h'‘ and 
A=|>Y1q-uze**!|?, 


We must now calculate A for the set of lattice displace- 
ments uy associated with an interstitial configuration. 

Huntington® has considered in detail the elastic 
strains around an interstitial atom in copper for two 
types of interstitial configuration. We shall assume that 
the configuration of lowest energy is the one for which 
the interstitial atom is located at the body-centered 
position of a cubic cell, since the calculations yield 
essentially equal energies for the two configurations. 
The displacement of the atoms of the lattice from their 
normal positions were chosen as follows: 


u,=eL, for nearest neighbors only, (5) 


u,=ga'L/L', for all other atoms. 


The values of ¢ and g were determined by minimizing 
the energy associated with the elastic strains, and were 
found to be 0.21 and 0.04, respectively. The lattice 
constant is a. The displacement of second-nearest 
neighbors is probably not given very well by (5) since, 
as Huntington has pointed out, the displacement of the 
nearest neighbors actually reduces the outward pressure 


*H. B. Huntington, Phys. Rev. 91, 1092 (1953); Acta Metal- 
lurgica 2, 554 (1954). 
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on the second-nearest neighbors. However, the inward 
pressure exerted by the third-nearest neighbors is 
reduced by their displacement. Consequently, the 
magnitude of the second-nearest neighbor displacement 
probably lies between 0 and the value given by (5). 
We shall calculate the scattering cross section for both 
of these limiting cases. 

Unfortunately it is very difficult to evaluate the sum 
occurring in Eq. (4) without approximation. We shall 
treat the problem by calculating the following cross 
sections: o;, arising from nearest neighbor displace- 
ments only; o2, arising from second-nearest neighbor 
displacements only ; o3;, arising from all other displace- 
ments; and o1,2, 01,34, ¢2,3;, the contributions to the 
total cross section associated with the interference 
terms. These latter terms, of course, may be negative 
or positive. 

The six nearest neighbors are at a distance b=}a 
from the interstitial atom and lie along the x,y,z axes 
passing through the interstitial site. The contribution 
to A, Eq. (4), from these neighbors is 


A i= 42’ (>; qi sinbg;)*, (6) 
The corresponding cross section o; is proportional to 
A,, and therefore depends not only on the scattering 
angle but also on the orientation of the scattering event 
with respect to the crystallographic axes. This latter 
dependence can be eliminated by averaging A, over all 
orientations of the crystal axes. The maximum argu- 
ment of the sine functions in (6) is approximately 37/2. 
In performing the averaging process it is convenient to 
approximate sinx as follows: 


(i= x,y,2). 


(7) 
where ay, a2, and a; are determined by minimizing the 
difference squared between sinx and the right-hand 


side of (7) throughout the interval (0,37/2). The ap- 
propriate values are 


a= 0.8992, 


sine ~ ayx+a2x*+a325, 


ag= —0.1228, a3;= 0.00335. 


When this approximation is used, A; can be averaged 
easily over all orientations of the crystal axes. The 
calculation yields 


Ay’ = 4 (61g'+B2q°+83q°+ Bag’ +85q"), (8) 


where 
Bi=ay'b', 
Bo= (6/5) ara2b*, 
Bs=[(41/105)a2?+ (6/7) eras ]b%, 
B4= (46/77) a2asb™, 
Bs= (241/1001)a;7b". 
If Eq. (8) is inserted into Eq. (3), the resulting 


expression for the (partial) cross section depends only 
on the scattering angle 8, since 


q= 2ko sin}0, (9) 
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where &o is the wave number associated with the Fermi 


surface: 
Roa= (122?) = 4.9109. 


The appropriate average cross section that is needed in 
calculating the resistivity is 


pas f «(0)(1—cosé)dQ. (10) 


Consequently, 


n= f 7A 1'(1—cos6)27 sin6dé. 
0 


This expression can be evaluated readily, and yields 


o1= 344ey. (11) 


There are eight second-nearest neighbors at a distance 
v3b from the interstitial. Because this distance is so 
large, the (almost exact) method applied above to 
nearest neighbors is too cumbersome. We shall evaluate 
the sum which occurs in the expression for A by re- 
placing it with an integral, corresponding to a uniform 
distribution of the eight atoms over a spherical surface 
of radius v3. 


Le q-ure'e(2gat/rl?) [gL cosbe-% °86qQ. 
One finds, then, 
A= (64°g"/27)[cosv3bg— (v3bq)— sinv3bq . 


Using Eq. (10), the corresponding average cross section 
is 
o2= 753g"7. (12) 
There are 24 third-nearest neighbors, 30 fourth- 
nearest neighbors, etc. We shall assume that it is justi- 
fied to treat the scattering from the remaining region 
of the lattice as though it were a continuum. The ap- 
propriate terms in the summation, Eq. (4), can be 
evaluated as follows: 


Le que etotg f° fo cosbe~*# -8°GOdL, 
ro 
where the lower limit, ro, of the radial integration is the 
radius of a sphere of volume equal to 14 atomic volumes. 
(49/3)ro°= 140°/4. 
The integrations yield 
Ag, = 256n"g? (gro) sin? (gro). 

The cross section associated with this term is 

o34= 385g"7. (13) 


We must consider next the inteference or cross terms 
of (4) that arise from our decomposition of the sum- 
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mation into three parts. The first such term is 


2566 b sing) ( ai sinV3bq ) 
see 44:0 sing; cos  —~ . 
3v3 v3bq 


is 


This expression must be averaged over all orientations 
of the crystal axes. The following integral occurs for 
each of the three terms in the summation. 


} f gb cos@ sin(gb cosé) sinédé = — cosbg+ (bq) sinbg. 


Consequently, the average value of A,» is 


256g sinV3bq sinbg 
Ai.¢'> (cosv3q— ) (cos), 
v3 v3bq bq 


Using Eq. (10), as before, to determine the average 
cross section, we find 


01,2= — 449 egy. (14) 


The calculation of the inteference term associated 
with nearest neighbor scattering and third and further 
neighbor scattering proceeds similarly. 


sinbg \ singr 
A, 34’=1921eg (cosby— ) ; 
bq 7 gro 
The average cross section is 
(15) 


Finally, the interference term associated with second- 
nearest neighbor scattering and all further neighbors 
yields 


01,34 = S3egy. 


2, 34+ 


2048:g* sinV3bq \ singro 
(cos ‘a ) 


V3bq J gro (16) 


and 
02,34> 249977. 


The total effective cross section is the sum of the 
six terms, (11) to (16). Using Huntington’s values for 
¢ and g, quoted above, we find 


o=14.1y. 


If we assume that second-interest neighbors are not 
displaced, then we must sum only (11), (13), and (15). 
This sum yields 

o= 16.24. 


Since the second-nearest neighbor displacement proba- 
bly has a value between these two extremes, we shall 
adopt the following intermediate value for the effective 
cross section : 


o= 15y. (17) 


It is of interest that the major contribution to this 
cross section arises from the nearest neighbor dis- 
placements alone. In fact 01, Eq. (11), has a value 157; 
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the remaining five terms are individually much smaller 


and sum to zero. 


III. RESISTIVITY OF INTERSTITIAL STRAINS 


We shall evaluate next the residual resistivity as- 
sociated with the elastic strains caused by one atomic 
percent of interstitial atoms. The resistivity is given by 


po=hkoo / 100", (18) 
where the effective cross section o has been found to be 
o = 15m?C?/4r?N7h'. (19) 


The resistivity arising from scattering by lattice 
vibrations in the temperature region above half the 
Debye temperature @ is® 


3amC?T 


(20) 
Ayerhixl? 


where yu is the mass density of the metal. The theoretical 
formula (20) does not take into account the contri- 
bution of umklapp processes to the lattice resistivity. 
Consequently, we must equate p; to only the fraction f 
of the experimental resistivity that can be attributed 
to normal scattering processes : 


pi=fpexp- (21) 


Combining Eqs. (18) to (21), we find 


BR x? 
po= 15/( ed ee 
3002*h?N?2T 


(22) 
It should be noted that the effective mass m and the 
electron-lattice interaction constant cancel out and do 
not appear in (22). The numerical factor in the brackets 
of this equation has a value 0.767, with @=315°K and 
T= 293°K. The experimental resistivity of pure copper 
at 20°C is 1.673 pohm cm. 

We have only to determine the factor f. Bardeen’ 
has studied the relative contribution of normal and 
umklapp processes to the resistivity of monovalent 
metals. His results are contained in the integral, Eq. 
(51), of his paper. This integral evaluated over the 
interval (0,2-*/) is associated with normal scattering 
processes, whereas the value for the interval (2-*,1) 
is associated with umklapp processes. The integrations 
yield the following value for copper: 


f{=0.50. 
The residual resistivity is, therefore, 


po= 9.6 wohm cm. 


IV. RESISTIVITY OF VACANCY STRAINS 


We shall treat the scattering from the strain field 
about a vacancy in a manner similar to that used above 


7 J. Bardeen, Phys. Rev. 52, 688 (1937). 
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for interstitials. The displacement of the twelve nearest 
neighbors of a vacancy has been estimated by Hunting- 
ton and Seitz* and is described by the relation 


u=AL. 


The parameter \ depends to some extent on the ion 
core repulsive law that is used. For exponential repul- 
sion, Huntington and Seitz found a value, A= —0.025. 
The displacements of further neighbors were not esti- 
mated. We have seen for the interstitial case, however, 
that almost the entire scattering is associated with 
nearest neighbor displacements, and this feature will 
undoubtedly obtain for vacancies also. Therefore, we 
shall evaluate only this one contribution to the cross 
section. When one uses the method applied to second- 
nearest neighbors of interstitials, Eq. (4) becomes 


A= 144)"[cosv2bqg— (v2bq)— sinv2bq F. 


Using Eq. (10), the corresponding average cross section 
is 
o= 1200\*7=0.75y. 


The residual resistivity associated with the strains 
resulting from one atomic percent of vacancies is, 
therefore, 

po=0.5 ohm cm. 


V. INTERFERENCE BETWEEN DEFECT 
AND STRAIN SCATTERING 


In order to obtain a value for the resistivity associated 
with an imperfection, we must add the scattering effects 
arising from the interstitial atom itself (or vacancy) 
and from the strained region of the lattice. The question 
of importance here is the magnitude of the interference 
term. The treatments of Jongenburger® and Blatt‘ 
employ a partial wave method. Only the S, P, and D 
waves contribute significantly to the scattering. 
Consequently, the angular dependence of the scattered 
wave can be written 


h(6) = e** sindo+3e sind; cosé 
+5e**? sind.(3 cos’*@—1)/2, 


where do, 5:, and 5, are the S, P, and D phase shifts. 
Similarly, the angular dependence of the wave scattered 
from the nearest neighbors of an interstitial can be 
written 

h' (6) = K[.cosbg— (bg) sinbg J, 


where K is a real, positive constant (if C is negative). 
The contribution of the interference term to the effective 
scattering cross section will be proportional to 


(23) 


ris f i (h--h*)(1—cosd) sinods. 
0 


*H. B. Huntington and F. Seitz, Phys. Rev. 61, 315 (1942). 
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This integral can be evaluated readily and yields 
I=K(—0.717 sin259.—0.521 sin26,+-1.778 sin252). 


Using Blatt’s‘ phase shifts for interstitial scattering, 
we find J=0.058K. 

This interference term must be compared with the 
corresponding squared terms for scattering by the 
defect, 


2 
J=2¥ [(2i+1) sin’®, 
l==Q 


— 21 sind; sind;_-1 cos(6:—4-1) ], (24) 


and nearest-neighbor displacement scattering, 
J'=0.70K*. 


Using Blatt’s phase shifts, we find /=0.78. Since J’/J 
must be about 9.6/0.7=14, it follows that K~4. 
Therefore, I/J’~0.02, a value which indicates that the 
interference term contributes a resistivity of only +0.2 
uohm cm. One should not be surprised that the in- 
terference term is so small since the phases of both 
scattered waves oscillate in sign as a function of scat- 
tering angle. Two alternative sets of phase shifts de- 
rived by Blatt using different scattering potentials 
yield —0.2 and +0.6 nohm cm for the interference term, 
indicating that the relative smallness of this term is a 
feature of the interstitial scattering phenomenon and 
does not depend on detailed assumptions. 

We shall calculate now the interference term asso- 
ciated with vacancy scattering by the same method. 
We have, now, 


h' (0) = — K[cosv2bq— (V2bq) sinv2bq ], 


where K is an appropriate real, positive constant. The 
sign of h’(@) is opposite to that for the interstitial case 
since the nearest neighbor displacements are inward 
for vacancies. The evaluation of the integral (23) yields 


= — K (1.120 sin25o— 2.564 sin25,+0.546 sin262). 


Using Jongenburger’s’ phase shifts for vacancy scat- 
tering, we find J=0.114. The corresponding squared 
term for scattering from the defect is given by Eq. (24), 
using Jongenburger’s phase shifts, and yields J=0.92. 
The squared term for scattering from nearest neighbors 
yields J’=1.33K*. Since J’/J must be about 0.5/0.9 
=0.56, it follows that K~0.6. The contribution of the 
interference term to the resistivity is therefore +0.1 
pohm cm. An alternative set of phase shifts given by 
Jongenburger yields an interference term of 0.0 wohm 
cm. One observes that the relative smallness of the 
interference term obtains also for vacancy scattering. 


VI. RESISTIVITY OF INTERSTITIALS 
AND VACANCIES 


The contributions to the residual resistivity of inter- 
stitial atoms and vacancies are summarized in Table I. 
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TABLE I. Contributions to the residual resistivity of interstitial 
atoms and vacancies in Cu. The units are wohm cm per atomic 
percent of the imperfection. 


INTERSTITIAL ATOMS 


IN Cu 681 


TABLE II. Stored energy and resistivity values of interstitials 
and vacancies in Cu. The ratios of stored energy to resistivity are 
given in cal/g per nohm cm. 





Interstitials Vacancies 


Defect scattering 0.7 0.9 
Strain scattering 9.6 0.5 
Interference term 0.2 0.1 


10.5 1.3 





Total resistivity 


formation per percent 
(ev) (wohm cm) 


10.5 1.4 
1.5 3.4 


Energy of Resistivity C= we) 
resistivity 





Interstitials 4 
Vacancies 


1.4 
Int.-vac. pairs 5.4 12 1.6 








It should be apparent that the accuracy of calcu- 
lations of this type is necessarily limited, and it is 
difficult to estimate limits of error for the foregoing 
results. The displacements of atoms surrounding the 
imperfections are not known accurately. Fortunately, 
for the interstitial case, in which such effects play a very 
important role, the problem has received careful study.® 
The method we have used to evaluate the scattering 
arising from such displacements appears to be satis- 
factory. We have also estimated this scattering by 
treating all but the nearest neighbors in the continuum 
approximation. The result differed only slightly from 
that derived here, indicating again the major role 
played by nearest neighbor displacements and sug- 
gesting that little would be gained by treating third- 
nearest and further neighbors individually. 

The rigid-ion model which we used to describe the 
electron-lattice interaction is not without objection, 
especially since Eq. (2) is only the first term in a power 
series in g, and therefore is not accurate for large 
scattering angles. However, as has been indicated 
previously, the same expression was used to calculate 
the high-temperature resistivity, with which the strain 
scattering was compared, so that any errors arising from 
the weakness of Eq. (2) tend to cancel. 


VIl. EXPERIMENTAL CONSIDERATIONS 


Interstitials or vacancies can be produced in metals 
by irradiation with fast particles, plastic deformation, 
or quenching from high temperatures. In any particular 
case, it is very difficult to identify the type of defects 
that are produced or are involved in a subsequent an- 
nealing process. One of the authors’ has emphasized 
the importance of measuring simultaneously two 


* A. W. Overhauser, Phys. Rev. 94, 1551 (1954). 


physical properties attributable to the imperfections, 
since the ratio of two specific property changes will 
probably differ according to the nature of the imper- 
fection. Once such a property ratio has been measured 
or calculated with sufficient precision, it can be used 
as a tentative means of identification. 

With regard to point imperfections in metals of the 
type we have been considering, the ratio of stored 
energy to resistivity is perhaps the most fundamental 
quantity of interest. Huntington® has estimated the 
energy of formation of an interstitial atom in Cu to 
be about 4 ev. The energy of formation of a vacancy 
is probably 1.4 ev, since the energy of self-diffusion is 
2.1 ev and the energy of vacancy motion is presumed to 
be 0.7 ev according to the quenching experiments of 
Kauffman and Koehler.” The ratios of stored energy 
to resistivity that result from these values are presented 
in Table II. 

Simultaneous measurements of stored energy and 
resistivity have been carried out for two annealing 
stages of irradiated copper in the temperature interval 
between —140°C and +20°C. The ratio of stored 
energy to resistivity was observed to be 1.7 cal/g per 
uohm cm for both annealing stages. Annealing kinetics" 
of the higher temperature stage (~—30°C) has been 
observed to be bimolecular, so as to suggest interstitial- 
vacancy annihilation for the mechanism. Other reason- 
able interpretations,” however, have been proposed. 
The ratios of stored energy to resistivity that were 
computed in the present study provide strong evidence 
in favor of a hypothesis involving interstitial-vacancy 
annihilation. A mechanism involving only the dis- 
appearance of vacancies seems to be ruled out. 

#0 J. W. Kauffman and J. S. Koehler, Phys. Rev. 97, 555 (1955). 

1 A, W. Overhauser, Phys. Rev. 90, 393 (1953). 


2 For a recent survey, see J. W. Glen, Advances in Phys. 4, 
381 (1955). 
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Utilizing a high-energy beam and targets sufficiently thin to permit the primary electrons to pass through 
with negligible scattering and energy loss, the secondary electron yield has been observed to vary with 
the angle of incidence of the primaries in accordance with the relationship 5(@)=5 sec#?. This angular 
dependence is predicted theoretically on the basis of the single assumption that the secondary electrons 
can be treated as though they were produced with an isotropic velocity distribution. At large angles of 
incidence, the variation is slightly greater as a consequence of scattering effects which are larger in Ni than 
in an approximately equal thickness in mg cm™ of Al. The experimentally observed equality of the yields 
in the forward and backward directions is consistent with the conclusion that the angular distribution of 


the secondaries is effectively isotropic. 





I, INTRODUCTION 


T is a well established fact that the yield of secondary 
electrons emitted from a solid target rises as the 
angle of incidence of the primary electron beam is 
increased.':? Qualitatively, the phenomenon is readily 
explained in terms of the decreased path which second- 
aries produced at a given point along the trajectory of 
the obliquely incident primary must traverse to reach 
the surface. Various theoretical expressions relating the 
yield to the angle of incidence have been proposed.’ 
However, owing to the complexities of the processes 
involved when the primary energy is low,® as has been 
the case in all of the previous investigations of this 
subject (V,<2500 v), somewhat questionable simplify- 
ing assumptions have been invoked in the derivation 
of these expressions. 

The situation becomes much simpler when the 
primaries are extremely energetic and the targets are 
sufficiently thin to permit the bombarding electrons 
to pass through with negligible scattering and energy 
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Fic. 1. Schematic 
diagram of “sand- 
wich” arrangement 
utilized for measure- 
ments of secondary 
electron emission 
produced by high- 
energy primaries. 
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loss. Under these conditions, the rate of production of 
secondaries is constant along the entire rectilinear path 
of a primary electron, and it is not necessary to make 
any arbitrary assumptions regarding the nature of the 
absorption process or the “average” depth of production 
of secondaries. The “sandwich” arrangement,® which 
has been utilized in various investigations of secondary 
emission produced by 1.3-Mev electrons’ from a 
multiple-cavity linear accelerator, is readily adaptable 
to measurements of the yield as a function of primary 
angle of incidence under the desired conditions. 


II. EXPERIMENTAL PROCEDURE 
A. Method 


The method of measurement is indicated schemat- 
ically in Fig. 1. The analyzed beam from the linear 
accelerator passes through a carbon collimator, then 
through the sandwich arrangement consisting of the 
target and two thin foil shields, and is finally stopped by 
the carbon trap. The yield from face 1 can be determined 
from observations of the ‘current J7(V1) corresponding 
to two alternative sets of electrode potentials. Thus, if 
the shield 2 is maintained at an arbitrary constant 
voltage, V2, the measured target current J7 is given by 


I7r(V1<0)=Ti(>V1)—Si+A2, (1) 
I7(Vi=0)=7T1—S:+A2, (2) 


where 7;(>V,) represents the current of secondary 
electrons leaving the target from face 1 with a normal 
velocity component sufficient to overcome the retarding 
potential V;, and S; is the current of secondary electrons 
reaching the target from the shield opposite face 1. 
When the potential difference between face 1 and the 
opposite shield is zero, all of the secondaries from 
each surface reach the other in accordance with Eq. 
(2). Inasmuch as V2 is unchanged, the term Az 
representing the contribution to Jr by electrons flowing 
to or from face 2 is constant. The net current of second- 


6 Pomerantz, Marshall, and Shatas, Phys. Rev. 95, 633 (1954). 
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ary electrons leaving face 1 with energies below that 
required to overcome the retarding potential V; is 
obtained by subtracting Eq. (1) from Eq. (2). The 
yield from face 2 is determined by a similar procedure. 
The secondary emission of the inner surfaces of the 
two shields can also be deduced from measurements of 
I7(V,>0) by invoking the corresponding relationships. 

If all of the surfaces inside the sandwich are identical, 
the effects which would be introduced by the existence 
of contact potentials are avoided. Furthermore, if, 
in addition, the three foil thicknesses are equal so 
that the delta-ray’ yields from shields and target do 
not differ, the target current when all three electrodes 
are at the same potential is 


Ir(Vi=0, V2=0)=71—S:4+T:—S2:=0. (3) 


This provides a method for detecting any possible 
difference in surface conditions, since under ideal 
conditions all yields are equal. 


B. Tube Design 


The manner in which the target is mounted in the 
experimental tube is shown in Fig. 2. The sandwich 
components are as large as possible (>1 in.X1 in.) 
and the target-shield spacing is as small as possible 
(<0.08 in.) in accordance with certain geometrical 
considerations. The maximum angle at which satisfac- 
tory measurements are feasible is approximately 72° 
with the present arrangement. 

The shields prevent stray secondary electrons from 
the graphite collimator and trap from striking the 
target. The sandwich is supported by a rod attached 
to a sleeve. An O-ring seal permits rotation with respect 
to a fixed side-tube (not illustrated) which is perpendic- 
ular to the plane of the diagram. Relative angles can 
be read off an inscribed scale to within 0.5° and normal 
incidence is determined visually with an uncertainty 
of about 2°. The sandwich is retractable to permit 
measurement of the trap current with the foils removed 
from the beam in order to ascertain whether any 
appreciable fraction of the primary electron current 
does not reach the trap when the foils are interposed. 

The demountable tube is attached to the magnetic 
spectrum analyzer at the output end of the linear 
accelerator’ and is pumped by the same vacuum system. 


C. Determination of Yields 


Both the target and trap currents are measured 
simultaneously by two integrating micromicroam- 
meters. The potential of each shield (Vi and V2) can 
be set independently at 0, +V or —V volts with 
respect to the target. The value of V chosen,|V| =30 
volts, is sufficiently high to repel all of the low-energy 
secondaries from the negatively charged electrode.’ 


7 Marshall, Shatas, and Pomerantz, Phys. Rev. 95, 634 (1954). 
8 Shatas, Marshall, and Pomerantz, Phys. Rev. 96, 1199 toss}, 


® Shatas, Marshall, and Pomerantz, Phys. Rev. 94, 757 (1954). 
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Fic. 2. Demountable experimental tube. Support assembly 
(not shown) permits rotation of sandwich and retraction from 
the beam. 


Under these conditions, nine individual combinations 
of shield potentials V; and V» are possible. Accordingly, 
at each incidence angle the target current is measured 
once for each different combination of V; and V». 

The yield from face 1, for example, is then determined 
by averaging the three values computed from Eqs. (1) 
and (2) on the basis of the measurements of J7(V;) 
corresponding to each of three different potentials of 
the opposite shield (V2=0, —30, +30 volts). The 
agreement among these three values indicates that 
extraneous low energy electrons from outside the 
sandwich system do not reach the target electrode. 

By an analogous procedure, the yields from both 
shield electrodes can also be determined. This provides 
a method for checking the internal consistency of the 
measurements. The corresponding shield and target 
data were always in good agreement. 

The sandwich assembly can be raised or lowered into 
the path of the primary beam by remote control 
during the measurement of the trap current. At 
incidence angles below 60° and 75° for the nickel and 
aluminum sandwiches, respectively, no change in the 
trap current is observed. Thus, up to these limits, 
large-angle scattering and back scattering of primaries is 
negligible, and the trap current reading when the 
sandwich assembly is interposed in the path of the beam 
represents the true intensity of the incident primary 
beam. 


D. Targets 


’ Commercially-available 2-mg/cm*? aluminum foils 
were used in the aluminum target assembly which 
consisted of a 1 in.X1 in. target sandwiched between 
two 1}-in. square shields. These were prepared by 
wrapping the edge of the foil cut-outs around flattened 
0.020-in. nickel wire squares which served as supporting 
structures. 

The nickel sandwich was fabricated with 2.5-mg/cm? 
foil of commercial purity in a similar manner, except 
that the sizes of the target and the shields were increased 
to 1 in.X 1? in. and 1} in.X2 in., respectively. 
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Fic. 3. Yield, 6(@), [current of low-energy secondary electrons 
emitted from single face per unit primary current] plotted as a 
function of the absolute value of sec @ for 2.5 mg/cm? Ni target. 


Immediately prior to mounting in the experimental 
tube, the sandwich was cleaned with ethanol and 
acetone. Because the secondary emission tube com- 
municates directly with the vacuum system of the 
accelerator, the pressure during the measurements is 
approximately 5X 10~-* mm of Hg. However, in view of 
the fact that the secondary electron yields from the 
target and both shields do not vary with time through- 
out the course of the experiment, it is safe to assume 
that the nature of the surfaces remains unchanged. On 
the other hand, extreme cleanliness of the surfaces 
is not required in measurements of the dependence of 
secondary emission upon primary incidence angle, 
inasmuch as the absolute yields are not involved. 


III. RESULTS 
A. Nickel 


Typical data obtained with a nickel target are shown 
in Fig. 3, where the yield is plotted as a function of the 
secant of the primary incidence angle. The consistency 
among the points for a specific face in all four quadrants 
attests to the uniformity of the surface and the absence 
of any significant variations which might be introduced 
by shifts in the position of the bombarded area as the 
target is rotated. Points for the other face are indistin- 
guishable from those plotted. The experimental uncer- 
tainty of 5% in the individual values arises from 
short-period fluctuations in the primary beam intensity. 
The straight line representing the function 5(6)=4o 
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X |sec@|, where do is the yield at normal incidence, is 
drawn to fit the composite points (+, average of values 
for both faces in four quadrants) at small angles. 
When @ exceeds approximately 50°, the experimental 
points lie somewhat above the extrapolated 4 sec? 
curve. 


B. Aluminum 


The data for aluminum are plotted in Fig. 4. In this 
series, a shift in the angular readings was necessitated 
by the fact that the fiducial index differed from the 
true angle by 1°40’. This constant angular phase 
difference was determined by plotting the yield as a 
function of the indicated angle (rather than sec#), and 
shifting the smooth curve through the data for Quad- 
rants 1.and 2 to overlap the similar curve for Quadrants 
3 and 4. As a consequence of this zero calibration 
procedure, the measurements at each nominal angle 
actually correspond to two slightly different angles. 

The agreement among the points for both faces in 
all quadrants indicates the absence of disturbing 
effects attributable to geometrical factors or nonuniform 
surface conditions. The departure from the empirical 
sec# dependence is detectable above 65°, a considerably 
larger angle than with the nickel target. 


IV. DISCUSSION 


The theoretical analysis of the dependence of 
secondary electron yield upon the angle of incidence of 
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Fic. 4. Plot of data obtained with 2.0-mg/cm? Al target. 
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the primaries is quite straightforward when the range 
of the latter greatly exceeds that of the secondaries. 
In this case, it is necesasary to assume only that the 
secondary electrons can be treated as though they 
were produced with an isotropic velocity distribution. 
The expression for the secondary yield, 4, from a given 
face of the target is then 


i= f NOped, (4) 


where NV (J) is the number of secondaries produced per 
unit path of the primary, and (x) is the probability 
that a secondary produced at a distance x from the 
surface of the solid will escape. The distance / is 
measured along the path of the primary electrons. 

It should be remarked that the assumption of an 
isotropic distribution of the secondaries does not 
imply that they are actually emitted isotropically in 
the initial primary interaction, but rather that, as a 
consequence of scattering processes with a mean free 
path which is short compared with x, the secondaries 
effectively diffuse to the surface from the point of 
origin. 

In the present experiments, the high-energy primary 
electrons suffer negligible energy loss in traversing the 
region for which the escape probability of the second- 
aries is appreciable,"® hence the rate of production of 
secondaries is essentially constant along /. Consequently, 
Eq. (4) becomes 


5=N (0) f p(x)dl. (5) 


As is evident in Fig. 5, 


l=x sec8, (6) 
and 


6=N (0) seco f p(x)dx. (7) 


The integration can be extended to infinity because 
p(x) is a rapidly decreasing function. Since neither 
N(0), the production rate at the surface, nor the 
integrand depend upon @, the yield at normal incidence 
(0=0°) is given by 


5(0)=N(0) fF pla, (8) 


and Eq. (7) becomes 
5(@) =6(0) secé. (9) 


Thus, for high-energy primaries, the secondary 
yield will be proportional to the secant of the angle of 


#” Actually, the primary electrons suffer negligible energy loss 
in traversing the entire target thickness. However, the general 
theory developed here would be applicable even if this were not 
the case, providing the energy is constant throughout the region 
in which most of the emitted secondaries are produced. 
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Fic. 5. Dependence of 
path traversed by escaping 
secondaries upon angle of 
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incidence, if the distribution of secondary velocities is 
essentially isotropic. Furthermore, if this assumption 
is not valid, the secant law should not be expected to 
hold, since only very special velocity distributions would 
lead to this simple result. 

In the experiments described here, the yield follows 
the secant law up to angles of the order of 65° for Al, 
thereby confirming the validity of the above hypotheses. 
At higher angles of incidence, the angular dependence 
is somewhat greater than predicted by Eq. (9). These 
deviations at steep angles are expected to occur as a 
consequence of the fact that the primaries are slightly 
scattered by the first foil of the sandwich, and hence 
strike the target at a variety of angles distributed 
about the measured angle of incidence. This scattering 
results in an effective incidence angle which is some- 


. what higher than that measured and consequently 


gives rise to a more rapid increase in yield. In view of 
the fact that the mean square scattering angle varies 
as Z*, the departure from the secé law with a nickel 
target should occur at a smaller angle than with an 
approximately equal thickness (expressed in mg/cm?) 
of aluminum. As noted in the previous section, this is 
confirmed experimentally. Deviations at large angles 
can also be introduced by geometrical effects and by 
small wrinkles in the target foil. 

These experiments reveal that the law given by 
Eq. (9) is valid and that the single assumption required 
for its derivation is essentially correct, thus establishing 
that the angular distribution of secondary electron 
velocities is effectively isotropic. The observation of 
equality of yields in the forward and backward direc- 
tions also confirms the absence of any assymmetry 
in the distribution of secondary electrons about the 
plane perpendicular to the direction of motion of the 
primary beam. However, the fact that the front-back 
yield ratio is unity does not specifically constitute 
evidence that the distribution is isotropic. On the 
other hand, if the yield for one face exceeded that 
from the other because of a preferred direction of 
motion of secondaries, the secant law would not apply. 

Actually, any departure from equal yields in the two 
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directions introduced solely by scattering in the 
target should be accompanied by a deviation from the 
secant law for the exit face. With the present arrange- 
ment in which the foils are identical, the departure 
from the secant law for the surface in the forward 
direction (Fig. 1, face 2) should be twice that for the 
entrance face. Since this is not precisely verified 
experimentally, some of the other factors mentioned 
above undoubtedly influence the measurements at 
large angles to some extent. 

It should be emphasized that the situation is much 
more complicated when the bombarding energies are 
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low. In that case, the range of the primary electrons is 
not large compared with the range of the secondaries, 
and the rate of production, NV (J), is a very sensitive 
function of /. Under these circumstances, the theoretical 
problem becomes much more difficult and the yield 
should certainly not be expected to follow a simple 
secant law. 
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Field-Induced Color Shift in Electroluminescent Zinc Sulfide* 
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In a previous paper it was shown that the application of an electric field to certain electroluminescent 
phosphors in an equilibrium condition produced little light, but that luminescent centers were activated 
in some way, and radiated upon removal of the field. It is here shown that while the liminescent centers 
are held in the activated state, changes are taking place which are observed as a color shift in the light 
radiated as a function of time held in the activated state. For certain green and blue phosphors, prompt 
removal of the field after activation produces green and blue bands which are also observed in operation 
at 60 cps. If the field is maintained for some seconds, and then removed, these bands are suppressed and a 
“yellow band” appears in their place at a rate determined by a temperature dependent time constant of the 
order of a second at room temperature. Possible explanations of this result are discussed. 


N an article’ recently published in this journal 

experiments are described concerning the response 

of electroluminescent cells to the application and 

removal of dc fields. The purpose of this paper is to 

report on additional experiments which reveal addi- 
tional detail concerning the mechanisms involved. 

The procedure previously' adopted, and elaborated 
here, begins with the phosphor sample in a condition 
which may be referred to as “zero-field equilibrium.” 
This condition is arrived at either by allowing the 
sample, a thin sheet of plastic in which the phosphor 
is imbedded, to remain in zero applied field in the dark 
for some hours, or by irradiating the sample for some 
seconds with infrared light in zero applied field. If a 
dc field is applied, and then removed a few seconds 
later, it is observed that the integrated light output on 
charging the sample condenser (ILO,) is of the order of 
one percent of the integrated light output on discharging 
the sample condenser (ILO,). 

* This material was first presented at the Centennial Symposium 
on Electroluminescence and Photoconduction in Inorganic 
Phosphors at the Polytechnic Institute of Brooklyn, September 
9 and 10, 1955. 

+ This work was done at the Sylvania Electric Products, Inc., 


plant in Salem, Massachusetts. 
1J. F. Waymouth and F. Bitter, Phys. Rev. 95, 941 (1954). 


The light output on discharging (ILOz) decreases 
with increasing time ¢ during which the sample con- 
denser was charged. The light output observed on re- 
charging the sample condenser (ILO.) which has 
been charged for a length of time ¢ depends upon 
both the charging time ¢ and the time ?’ between 
discharging and recharging. For fixed ?’, ILO, in- 
creases with increasing ¢ toward a saturation value 
approximately equal to ILO, for ¢ very small. 
For a fixed value of ¢, ILO, decreases with increasing 
discharged time ?¢’ toward its zero-field equilibrium 
value. These observations have all been qualitatively 
explained by the hypothesis that when the electric 
field is applied, a “frozen” polarization develops, 
which eventually reduces the actual field in the phosphor 
to zero.! The time constants of these effects are of the 
order of fifty to one hundred seconds. 

The new experiments to be described below relate 
to the emission spectrum of these ILO’s. It had been 
noted that ILO, was “bluer” than ILO, but that 
ILO, had approximately the same emission spectrum 
as the 60-cps luminescence.? Moreover, the emission 


? J. F. Waymouth, J. Electrochem. Soc. 100, 81 (1953). 
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spectrum of ILO, was a function of charging time ¢ in 
the 0-30 second range. 

Therefore measurements were made of ILO, as a 
function of charging time using the following filters: 
(1) 4585 A interference filter, 50 A band pass; (2) 
4960 A interference filter, 50 A band pass; (3) Corning 
No. 3482 yellow filter, cut off about 5600 A; (4) 
Corning No. 3307 “signal yellow’ filter. For a blue 
phosphor, the response through the 4585 A filter 
should be due almost entirely to the blue band, while 
the response through the 4960 A filter should be due to 
both green and blue bands. For a green phosphor, 
response through the 4960 A filter should be due to 
the green band, while response through the 4585 A 
filter should be due to both green and blue bands. 
The Corning No. 3307 filter together with a phototube 
with an S-4 response has a spectral response character- 
istic similar to that of the human eye.® 
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Fic. 1. ILOg (green, blue, yellow, and total) vs charging time 
t for a blue electroluminescent phosphor. Insert shows approxi- 
mate locations of filter pass bands relative to emission bands 
observed under 60-cps excitation. 


The results obtained for a blue phosphor are shown 
in Fig. 1. The inset at the upper right shows approxi- 
mately the filter pass bands and the amplitudes of the 
emission bands under 60-cps excitation. Note first of 
all that “total” ILOz, measured through the No. 
3307 filter shows a slow decay due to the frozen 
polarization mechanism already described. On this time 
scale this decay is relatively slight. Blue-band ILO, 
decreases with approximately a one-second time 
constant to a small fraction of its value for short 
charging time. ILO, measured through the 4960 A 
filter shows a rapid decrease with the same time 
constant as that of the blue-band ILO, followed by an 
additional decrease with a longer time constant. The 
ILOg measured through the 3482 yellow filter increases 
to a maximum with a time constant of the order of 
one second, and then decays at approximately the 
same rate as the total ILO,. 


§ This combination was erroneously reported at the Symposium 
to have a constant quantum efficiency response. 
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Fic. 2. ILOg (green, blue, yellow, and total) vs charging time 
i for a green electroluminescent phosphor. Inset shows approxi- 
mate locations of filter pass bands relative to emission bands 
observed under 60-cps excitation. 


It is evident that during the charging interval, the 
blue and green emission bands are suppressed. The 
blue centers are not being converted into green centers. 
If they were, the ILO, measured through the 4960 A 
interference filter would not decrease as the blue-band 
ILOqg decreases. From the increase in yellow ILOug, 
however, we can conclude that an additional emission 
band appears to the “yellow” side of the green band, 
and that after about 30 seconds of charging the emission 


spectrum of ILO, consists largely of this emission band. 

This conclusion is corroborated by the data shown 
in Fig. 2, which shows the results of similar measure- 
ments on a green phosphor. In this case there is evidence 
for an initial decrease in green-band ILO, which is 
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Fic. 3. ILOg (blue) vs charging time / for a blue electroluminescent 
phosphor. Sample temperature is the parameter. 
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Fic. 4. Log decay constant for ILO, (blue) vs 1/T. 


more rapid than that of the total, together with a 
corresponding increase in yellow ILO,. This shows that 
“green” centers are likewise converted into yellow 
centers while the field is applied. It must be pointed 


out, however, that there is no evidence one way or 
another to indicate whether the “yellow” emission 
band‘ is the same in the case of both the green and the 
blue phosphors. 

In order to learn more about the mechanism for this 
effect, the rates of decay of the green and blue bands 
were studied as a function of temperature. Figure 3 
shows blue-band ILO, as a function of charging time 
t for various temperatures. Decay constants were 
estimated from these slopes and are plotted as a 
function of reciprocal temperature in Fig. 4. The 
points fall reasonably well on a straight line for which 
the slope is 0.21 ev. Similar data for the green phosphor 
are shown in Figs. 5 and 6. The application of infrared 
light during the charging period accelerates the color 
shift. The rate of color shift is independent of applied 
field between 5X10‘ and 7.5X10* v/cm. These facts 
indicate that the rate-limiting process is thermal in 
nature, and that the mechanism is probably electronic 
rather than due to migration of ionized activators 
into different types of sites. 

The main features of the phenomenon can be 
accounted for within the framework of the Schén- 
Klasens theory® concerning the temperature quenching 


‘These experiments are incomplete in that the location and 
extent of the “yellow” band have not been determined. We are 
repo on our results in this state as we do not expect to 
undertake further work in this respect. 

5M. Schin, Z. Physik 119, 463 (1942); H. A. Klasens, Nature 
158, 306 (1946); H. A. Klasens, J. Electrochem. Soc. 100,72 (1953). 
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of luminescence in zinc sulfide. Figure 7 shows schemat- 
ically the processes which are thought to take place. 
The upper half of the illustration, (a), shows the cycle 
as it might occur in a zinc sulfide excited by ultraviolet 
radiation, while the lower half (b) illustrates the 
electroluminescent case. 

In the case of Fig. 7 (a), electrons are excited by 
ultraviolet photons from the filled luminescent levels 
to the conduction band. This is represented by transi- 
tion (1). This process results in a “free” electron in 
the conduction band and a vacant luminescent level. 
The vacant luminescent level may be filled by either 
of two processes: an electron excited thermally from 
the filled band, leaving behind a “hole,” as represented 
by transition (2), or the free electron in the conduction 

















Fic. 5. ILOg (green) os charging time ¢ for a green electrolumi- 
nescent phosphor. Sample temperature is the parameter. 


band may recombine with the vacant luminescent 
state, with the emission of fluorescence radiation, as 
in transition (5). If transition (2) occurs, the free 
electron and free hole may recombine elsewhere, as 
at the quenching center. Since the rate of transition 
(2) is dominated by an exponential (—eV/kT) factor, 
at low temperatures, most of the vacant luminescent 
levels are filled by means of transitions of type (5), 
and efficient fluorescence results. At elevated tempera- 
tures, the rate of transition (2) will exceed that of 
transition (5); the fluorescence is quenched and 
recombination of electrons and holes takes place at 
the quenching centers. This recombination is presum- 
ably nonradiative. Hence, at high temperatures, the 
fluorescence is quenched. 

To apply this model to the case of the electrolumines- 
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cent phosphor, we note that the assumption that the 
luminescent centers become ionized in the high field 
(by whatever mechanism) affords a simple explanation 
of the fact that ILO, is very much smaller than ILOg. 
When the field is applied and the centers are ionized, 
all the electrons released to the conduction band are 
swept over to the positive side of the crystal. They are 
held there until the field is removed, whereupon they 
return to their parent centers and recombine with the 
emission of radiation. However, during the interval 
that the field is on and the electrons are held at the 
positive side of the crystal, the thermal filling of the 
vacant activator states can proceed without competi- 
tion, liberating free holes into the filled band. If the 
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Fic. 6. Log decay constant for ILOg (green) vs 1/T. 


field is maintained for a sufficiently long time, all the 
vacant activator states will be filled. 

When the field is removed and the electrons return, 
they must recombine with the holes, presumably at the 
quenching centers instead of at the activators. To 
account for the fact that luminescence of a different 
color is observed when the field is removed after some 
seconds, instead of no luminescence at all, requires the 
hypothesis that this recombination is radiative at 
room temperature. 

The assumption that a transition within a single 
center might be radiative at room temperature t'.ough 
not so at elevated temperature does not require too 
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Fic. 7. (a) Schematic representation of Schén-Klasens model 
applied to temperature quenching of fluorescence. See text for 
details. (b) Schematic representation of Schén-Klasens model 
applied to electroluminescence under the conditions of these 
experiments. See text for details. 


great a stretch of the imagination, since it is qualitatively 
explained by the configuration-coordinate model. 

It is of course possible that the hole in the valence 
band created by transition (2) is removed to the 
crystal surface by the electric field and that after 
removal of the field transitions (3) and (4) are in 
competition with a radiationless recombination of 
holes and electrons. The illustration is drawn as it is 
because a very low mobility would permit holes to be 
readily captured by hole traps or the like. Such 
trapping, thermal detrapping, drift in the direction 
of the field, and retrapping would lead to the develop- 
ment of an internal polarization with a long time 
constant. A polarization of this kind was found in our 
earlier work. 

On the basis of this model for the field-induced color 
shift, the activation energies for the decay of the green 
and blue bands, 0.29 and 0.21 ev respectively, would 
be associated with the energy gap between the vacant 
luminescent levels and the filled band. The relative 
values are in the same direction but do not agree with 
the values 0.95 ev and 0.55 ev obtained by Garlick 
and Gibson® for ZnS:Cu and ZnS from temperature 
quenching. 

It must be pointed out that by interchanging the 
roles of holes and electrons and turning the picture 
upside down, the effects observed could also be ac- 
counted for by means of the Lambe-Klick model,’ 
which may be thought of as the inverse of the Schén- 
Klasens model. The observations reported in this paper 
do not establish a basis for preference of one model or 
the other. 


°G. F. J. Garlick and A. F. Gibson, J. Opt. Soc. Am. 39, 935 


(1949). 
7 J. Lambe and C. C. Klick, Phys. Rev. 98, 909 (1955). 
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Sputtering has been studied under well controlled conditions, 
i.e., low gas pressure (1 micron), defined energy (up to 300 ev) and 
angle of incidence of the bombarding ions, and high ion-current 
density (10 ma/cm*), by immersing the target in a low-pressure 
Hg plasma of high density created in a pool-type vacuum arc. 

It turned out that threshold energies (minimum ion energy for 
sputtering to ensue) are considerably lower under oblique than 
under normal incidence, and the atoms are ejected away from the 
direction of incidence. Thresholds were measured for twenty-three 
metals under normal incident Hg-ion bombardment. They follow, 
without exception a simple law: The product of the momentum 
transferred at threshold from ion to target surface atom and the 
sound velocity of the target material is proportional to the heat 
of sublimation of the target material. The threshold energies to 
be expected accordingly in the case of rare gas ion bombardment 
under normal incidence are tabulated. The yield (atoms per ion) vs 
ion energy was carefully measured for the case of polycrystalline 
Pt. When metal single crystals were sputtered, it was discovered 
that atoms are preferentially ejected in the directions of closest 
packing, that is [110] in fcc, [111] in bec and diamond lattice. 


Deposits sputtered from plane low-index surfaces of single crystals 
therefore form characteristic patterns. Their study reveals more 
details: At low ion energy, only such atoms are sputtered which 
have no obstructing neighbors in the way of a close-packed 
direction. At higher ion energy, additional atoms are set free from 
positions where neighbor atoms interfere. Such atoms deviate 
in a characteristic way from the directions of close packing. 
Most atoms sputtered in close-packed directions which are parallel 
to the surface are trapped again, causing growth of oriented 
hillocks. The possibility for crystal growth by sputtering was 
demonstrated in another experiment. Some characteristic features 
of the etch effects caused by sputtering are described. 

The basic process in sputtering at low ion energies is one of 
momentum transfer. The important parameters with respect to 
the gas discharge are ion energy, angle of incidence, and atomic 
weight of ion; on the target side they are the atomic weight, the 
elastic constants, crystal structure and orientation, the heat of 
sublimation, dislocations, and surface roughness. Many details 
need durther clarification, and the studies are being continued. 





I, INTRODUCTION 


MONG the phenomena which arise when positively 
charged rare gas ions bombard a solid surface, 
the disintegration of the target material which is known 
as physical sputtering is one of the least understood. 
This is to a major part due to the lack of reliable 
quantitative data collected under well-defined and 
simple enough experimental conditions. Interpretation 
of experimental results becomes difficult and unreliable 
when cathode sputtering is a function of tube geometry 
or gas pressure, as is the case in the glow discharge. 
Such parameters as geometry and pressure are not of a 
basic nature. Besides, the functional] connection of dis- 
charge current and voltage with those parameters 
which are of basic interest, such as energy and angle of 
incidence of the bombarding ions, in such cases is 
complicated and not well known. 

These problems had been realized for quite some time, 
and the first important step forward was to study 
sputtering at pressures (1 micron or less) where the 
mean free path of sputtered atoms becomes comparable 
to or larger than the tube dimensions. All problems 
concerned with the diffusion of sputtered atoms, 
particularly the return of sputtered material back to 
the target, were thus eliminated. The next step was to 
create conditions for a well-defined energy of the 
bombarding ions. Sputtering then became independent 
of gas pressure and tube geometry. Such conditions 
were achieved in two principal ways: (1) Monoenergetic 
ion beams extracted from a highly ionized gas were 
accelerated in vacuo towards the target. (2) The target 


* Now at General Mills, Incorporated, Mechanical Division, 
2003 East Hennepin Avenue, Minneapolis, Minnesota. 


was immersed in a low-pressure plasma of such a high 
density that the thickness of the fall region was small 
compared to the mean free path of the ions, and 
collisions in the Langmuir sheath became negligibly 
small. 

The first method has the advantage that secondary 
electrons released under the influence of the bombarding 
ions can be collected and measured, and used for deter- 
mining the correct ion current, and the angle of inci- 
dence can be controlled. A basic disadvantage, however, 
is that ion beams in high vacuum are limited to low 
current densities, because of the large space-charge 
effects of ions. High ion-current density is not only 
desirable because measurable amounts should be sput- 
tered in reasonable time, but also because sputtering 
has to overcome the formation of chemisorbed impurity 
layers on the target surface if such measurements are 
to yield reliable results. Unless extremely pure discharge 
conditions are maintained in the tube (impurity 
pressures of 10-° mm Hg or less) and the targets are 
of very pure material (diffusion of impurities to the 
surface), the second method should be superior and more 
reliable. 

Many experimental results must be reviewed in the 
light of the discovery of Fetz' that the angle of incidence 
of the bombarding ions is an important parameter in 
sputtering, especially at low ion energies. When the 
target is small compared to the thickness of the ion 
sheath, as is the case with targets in form of thin wires, 
the angle of incidence is undetermined and many ions 
strike the wire obliquely. The measurement of yield 


1H. Fetz, Z. Physik 119, 590 (1942). 
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or threshold under such conditions?* (undetermined 
angle of incidence) has no great value. 

Below 500-ev ion energy, the only useful quantitative 
yield data besides those of Fetz' (Mo sputtered by 150- 
ev Hg ions) are those of Guentherschulze and Meyer, 
and of Penning and Moubis. Guentherschulze and 
Meyer‘ immersed a large target in a low-pressure plasma 
of high density (normal incidence) and measured the 
sputtering rate of Ag and Cu bombarded by At ions 
of 300-ev energy and Net ions of 150- and 450-ev 
energy, and in another paper® they published results 
on the sputtering rate of 16 metals under Hg-ion 
bombardment of energies as low as 500 ev. Penning and 
Moubis® measured the sputtering yield of cathode 
targets (Al, Cu, Ni, Ag) bombarded with At ions of 
energies as low as 400 ev with a method in which a high 
plasma density at low gas pressure was achieved in an 
unsupported discharge by means of a magnetic field. 

Even fewer data are available on another important 
value in sputtering, the minimum ion energy necessary 
for sputtering to ensue, called the threshold energy. 
The difficulty here is to detect the extremely small 
amounts of material sputtered near threshold. Sputtered 
atoms from clean metal surfaces are usually emitted 
uncharged and this eliminates the possibility of detect- 
ing these atoms directly by electrical means. Threshold 
measurements fortunately require only the determina- 
tion of relative values of yields as function of the ion 
energy. Thresholds are sensitive to the angle of incidence 
of the bombarding ions, even more than the yield, hence 
measurements in glow discharges or with thin wire 
targets are not of much help. Bradley’ measured 
sputtering thresholds of very pure K and Na under 
rare gas ion bombardment with an ion beam method. 
The surface ionization on a hot Pt surface was used 
in this study for detecting the extremely small amounts 
of sputtered material. Unfortunately, this method is 
limited to materials with very low ionization potentials. 
Wehner and Medicus® measured threshold and relative 
yield at ion energies between 30 and 200 ev for Pt 
sputtered by Xe ions. In this case the sputtered material 
was detected and measured by observing the change of 
the electronic work function of a tungsten probe, as it 
becomes covered with sputtered Pt. 

With the limited number of reliable experimental 
data available, it becomes difficult to judge the value 
of any theory in this field. One aim of the studies to be 
described was to improve this situation, especially in 
the region of low ion energies. 

The Hg discharge with pool cathode offers the most 
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convenient way of creating a low-pressure plasma of 
high density in a demountable tube. For this reason 
our present measurements have been confined to 
Hg-ion bombardment. Conclusive evidence can be given 
that sputtering at low ion energies is essentially a 
momentum transfer process, and that thresholds are 
much lower under oblique than under normal incidence. 
The thresholds of twenty-three metals measured under 
normal incident Hg-ion bombardment follow an 
empirical law, which shows that besides the atomic 
weights of ion and target atoms, the heat of sublimation 
of the target material and its elastic constants are 
determining factors in sputtering. When metal single 
crystals were sputtered, it was discovered that the metal 
atoms are preferably ejected in the direction of closely 
packed atoms. This result provides an explanation for 
the fact that crystal structure and crystal orientation 
are important parameters in sputtering. The yield of 
Pt under normal incident Hg-ion bombardment was 
measured under carefully controlled conditions. Finally, 
attention was devoted to the interesting etch effects 
caused by low-energy ion bombardment. 

Earlier results of others in the field of sputtering, 
as well as part of this work, are discussed by the author 
in a review article.® 


Il. METHODS AND APPARATUS 


The most important requirements for reliable results 
may be once more summarized: (1) Mean free path of 
sputtered atoms should be larger than tube dimensions. 
(2) The ion energy should be well defined. (3) The angle 
of incidence of the ions must also be well defined. (4) 
The density of the bombarding ion current should be 
large enough so that sputtering can overcome the for- 
mation of impurity layers. 

Such conditions can be achieved when the target is 
immersed like a large Langmuir probe in a low-pressure 
plasma of high density. Such a plasma can be created 
in a vacuum arc discharge between a thermionic or 
pool type cathode and an anode. The tube should be 
demountable so that targets can easily be exchanged, 
collectors for sputtered material be replaced, deposits 
from tube walls be removed, etc. The advantages of a 
Hg pool cathode discharge are striking: No difficulties 
with gas cleanup, gas pressure control by bath tem- 
perature, direct connection between Hg diffusion pump 
and tube without cooling trap, plus the advantage of 
being ready for operation without the necessity of 
processing the cathode. Some modifications of the 
tube previously used by Fetz' are advantageous: The 
plasma density can be considerably increased without 
drawing uncomfortably high discharge currents by 
inserting a properly designed fine mesh grid between 
anode and cathode. This grid completely separates an 
anode-space from a cathode space. The discharge reacts 


® Gottfried K. Wehner, in Advances in Electronics and Electron 
Physics (Academic Press, Inc., New York, 1955), Vol. 7. 
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to the grid obstruction with a higher voltage drop. 
Fetz” showed that in this case an electrical double 
layer is formed in and near the grid holes, and every 
electron reaching this layer from the cathode side is 
accelerated toward the anode space. These faster “beam 
electrons” are more efficient in ionizing, and conse- 
quently the plasma density in the anode space is much 
higher than in the cathode space or than it would be in 
a gridless discharge with the same current. The velocity 
of the beam electrons, which is equivalent to the increase 
in voltage drop, can be controlled with the potential 
applied to the grid. In the present experiments this 
velocity usually was around 30 to 40 ev. The formation 
of doubly charged ions at such electron energies is still 
negligibly small. A further increase in plasma density 
can be achieved by placing the anode outside the 
path of the beam electrons and arranging a repeller 
electrode with cathode- or more negative—poten- 
tial in such a manner that the beam electrons are 
reflected back to the plasma."-” An insulating tube 
wall exposed to the beam electrons becomes negatively 
charged and performs more or less in the same way as 
a repeller. Repeller and grid operate at about 50 volts 
negative relative to anode space plasma, hence these 
electrodes are subject to sputtering. This however 
can be kept small enough as not to interfere with the 
measurements by selecting materials which have a low 
sputtering rate and a high sputtering threshold. A 
further increase in plasma density is possible by applying 
a magnetic field such that the plasma density is highest 
in the vicinity of the target. Plasma densities of 10" to 
10” per cm® can be achieved in this way at pressures of 
1 micron with discharge currents of 1 amp. The negative 
target inserted in the anode space plasma becomes 
covered with an ion sheath which represents the fall 
region for ions. The ion energy is equivalent to the 
potential “applied between target and plasma. The 
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Fic. 1. Discharge tube. 
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electrical conductivity of the highly ionized plasma 
is so high that plasma potential and anode potential 
are practically identical. The ion current density is 
determined by the plasma density, hence can be con- 
trolled independently by the main discharge current. 
The ion current density j7+=Ntevt (N*+=density of 
positive ions, e=ion charge and v* their average random 
velocity), the sheath thickness d, and the potential 
difference V; between target and plasma are con- 
nected by the Langmuir-Child space-charge equation: 
j+=(2e/M,)'V8/d2 (plane case, M,=atomic weight 
of ions). When a plane target is large compared to d, 
the incidence of ions is normal. The transport of sput- 
tered material from target to collector or the tube walls 
in a first approximation is not disturbed by the gas. 
Hence the deposits can give direct information about 
the place of origin of the sputtered material and the angle 
under which this material escaped from the surface. 
Difficulties have sometimes been reported to arise from 
the influence of neutralized or positive or negative ions 
reflected from the target. Such particles can have 
sufficient kinetic energy to cause sputtering from 
other parts of the tube and resputtering of material 
from the collector. Furthermore, sputtered atoms can 
be reflected from the collector or other surfaces. There- 
fore, in these studies close attention was paid to the 
shadows caused by tube structures, and it was found 
that deposits must essentially have come from the 
target and from no other place, which indicates that 
such effects were negligibly small. 

Quantitative yield measurements require the correct 
measurement of the bombarding ion current. The target 
current is not equivalent to the ion current, but contains 
a component of electrons released under the influence 
of the ion bombardment, the radiation from the plasma, 
and thermionic action. Recent measurements by 
Hagstrum"™ show that the first part of this component 
(y coefficient) from a clean target surface rarely 
exceeds 20% of the ion current and (between 10- and 
1000-ev ion energy) in a first approximation is inde- 
pendent of ion energy and target material. The number 
of electrons released by plasma radiation as well as by 
thermionic action in the present experiments was 
negligibly small. The suggestion of Penning and 
Moubis® was followed to give yield data in S/(1+7), 
leaving y, the number of electrons liberated from the 
target by one impinging ion (of the order 0.2), open for 
discussion (S=sputtered atoms per impinging ion). 

Details of the tube are shown in Fig. 1. The lower 
half of the tube with the separating ring is immersed 
in a water bath of 17°C, which corresponds to a gas 
pressure of about 1 micron. An auxiliary discharge 
with a current of 3 amp maintains the anchored cathode 
spot. The graphite grid (0.4 mm thick, 6 holes per cm 
of 1.3 mm diam), with a potential in the vicinity of the 
cathode potential, controls the one-amp main discharge 
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Fic. 2. Arrangement for yield measurements. 


to an over-all voltage drop of around 50 volts. The 
repeller is connected with the cathode, and the potential 
of the target with respect to anode determines the 
energy of the bombarding ions. At ion current densities 
of the order 10 ma/cm? and ion energies of 100 ev, the 
thickness of the ion sheath is about 0.2 mm. The gas 
kinetic mean free path of Hg atoms in this discharge 
(~ 200°C gas temperature) is of the order 2 to 3 cm, the 
mean free path of sputtered atoms and of the bombard- 
ing ions being probably somewhat larger. Surprisingly, 
no difficulties were encountered with materials which 
are known to amalgamate. It was only necessary to 
bring the target and collector to a temperature of several 
hundred degrees Centigrade in order to evaporate the 
mercury so rapidly (this is probably enhanced under 
ion bombardment) that even on gold and silver surfaces 
no traces of Hg are detectable, provided these materials 
are removed from the tube when still at elevated 
temperature. 

In many cases such as when low melting materials 
or the temperature influence on sputtering are in- 
vestigated, it is desirable to control the target tempera- 
ture. This was done by connecting the target with good 
thermal contact to a closed-end Kovar tube, the tem- 
perature of which can be controlled from the outside. 
Figure 2 shows an arrangement where the target 
cylinder is slipped over such a Kovar tube. This 
arrangement was used for measuring sputtering yields. 

The amount of sputtered material was measured in 
the following ways: The cylindrical target, as shown 
in Fig. 2, is in the center of a cylindrical opaque shade 
which has a slit 3 mm wide parallel to its axis. A glass 
cylinder surrounding this shade collects the material 
sputtered through the slit. By magnetically rotating 
this cylinder, many successive exposures can be made 
without opening the tube. A photocell outside the tube 
receives light from the discharge through the slit and 
indicates the amount of material deposited in front of 
the slit. It was found that the discharge is not noticeably 
affected by changes of the target potential; hence, at 
least up to 200 ev, the light output is independent of 
the energy of the bombarding ions. The yield in arbi- 
trary units can then be measured as a function of the 
ion energy by determining the time which is necessary 
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at different ion energies to reduce the indicated light 
by a certain fixed amount. Initial surface layers are 
sputtered off before a series of measurements is started. 
The absolute values are determined by fitting this yield 
curve at some points to the absolute values, obtained 
in the conventional way by measuring the weight loss 
of the target. In order to minimize in this case the in- 
fluence of surface layers it is necessary to sputter so 
much material that sputtering becomes proportional 
to the sputtering time. The same method was used for 
the investigation of such parameters which cause 
changes in the light output such as current density, 
target temperature, etc. 

It is highly improbable that several ion impacts act 
together in sputtering an atom out of the surface 
because the density of arriving ions is much too small 
or the time intervals between impacts on one surface 
atom are much too long (at 1 ma/cm?, a surface atom 
receives about 6 impacts per second). The sputtering 
yields (atoms per ion) should therefore be independent 
of the ion current density, and this fact provides an 
excellent possibility of checking the reliability of such 


measurements. 
III. RESULTS 


(a) Oblique and Normal Incidence 


A somewhat puzzling phenomenon is observed when 
a target with sharp edges is subject to sputtering. Most 
material is removed not from the edges proper, but in 
a region a little more inside. When a metal sheet is 
sputtered in a uniform plasma, a small strip of material 
is finally separated from the sheet along the edges. The 
photograph in Fig. 3 shows how sputtering has most 
heavily eaten away material somewhat separate from 
the corner of the sheet (finally causing a hole). The 
grooves give the impression that the sheet has been 
sandblasted from all sides under grazing incidence. 

The preferential attack could be due to the distribu- 
tion of the ion current density near the sheet edge. The 
field lines in the ion sheath as sketched in Fig. 4 become 
curved near a sharp edge. The heavy ions cannot follow 
curved field lines very well and therefore become 
focused to a region somewhat away from the edge. The 
following experiment shows that in addition to this 


Fic. 3. Corner of metal sheet after sputtering treatment. 
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effect the difference in angle of incidence between edge 
and flat portion of the target has a marked influence. 
The polycrystalline metal strip for this purpose, as 
shown in Fig. 1, was mounted along the axis of a glass 
cylinder on which the sputtered material was collected. 
The surprising result of this experiment—when per- 
formed at low ion energies—is, as published previously 
in a Letter to the Editor,“ that four separate deposits 
can be distinguished and hardly any material appears 
opposite the flat areas of the target. In order to ascertain 
the areas from which these deposits were ejected, the 
experiment was repeated with a metal strip which was 
protected on one side along one edge [upper right in 
Fig. 5(b)] from sputtering by painting that area with 
aquadag. The result was that the opposite (upper left) 
deposit disappeared. This indicates that the deposit 
was ejected from a seam along the right edge in a 
direction inclined to the target surface. This suggests 
that momentum must have been transferred from the 
obliquely incident ions to the sputtered atoms. 

Increasing the ion energy and at the same time 
adjusting the plasma density such that the form 
and thickness of the ion sheath remain the same 
(j+ « N+ « V4) brings the maxima of the two deposits 
closer together. Finally they merge together opposite 
the flat sides of the target. Obviously, at low ion energy 
sputtering under oblique incidence is much more 
efficient and the large middle portion of the target, 
being under normal incident bombardment, contributes 
but little to the deposits. At higher ion energy (several 
hundred ev), the difference between normal and oblique 
incidence becomes less pronounced. The results indicate 
a threshold energy for sputtering which is markedly 
lower under oblique than under normal incidence. 
When the same experiment is repeated with different 
target materials it turns out that the ion energy 
necessary to fill the portion between the two deposits, 
i.e., to start sputtering from the middle portion i.e., 
to overcome the threshold for normal incidence, is 
different for different materials. 

It should be mentioned that deviations arise when 
the surface grains of the target have a preferred crystal 
orientation. In this case, as will be described later, the 
material is sputtered in a direction which is determined 
in addition by the crystal structure and orientation. 


“4G. Wehner, J. Appl. Phys. 25, 270 (1954). 


It can be assumed that the lowest possible threshold 
would exist in the case of grazing incidence. 

Further evidence for these conditions is obtained 
when a fine mesh grid, adjacent on one side to a plasma, 
is bombarded with ions from one side only. When grid 
holes and wires are much smaller than the ion sheath 
thickness, then the ions bombard essentially in a 
direction normal to the grid plane, as shown in Fig. 6, 
and strike the grid wires partially tangentially. Under 
these conditions the grid wires are sputtered in a direc- 
tion away from the plasma and sputtering starts at 
very low ion energies. Actually a Mo grid sputtered in 
this way showed considerable sputtering away from the 
plasma at ion energies as low as 20 ev, while deposits 
on a collector on the plasma side did not appear before 
the ion energy was raised to about 80 ev. 

The conclusions to be drawn from these experiments 
may be summarized as follows: Earlier results of Fetz,} 
who found that at low ion energy, sputtering is more 
efficient under oblique incidence, are confirmed. In addi- 
tion, it is shown that thresholds are considerably lower 
under oblique bombardment than under normal inci- 
dence. Momentum is transferred from ions to sputtered 
atoms in such a way that atoms are ejected preferably 
in a direction away from the direction of incidence. 
These results indicate that sputtering at low ion energy 
is definitely not an evaporation process. Conditions seem 
to become different at higher ion energies insofar as the 
difference between normal and oblique incidence be- 
comes less pronounced. This is in agreement with results 
of Seeliger and Sommermeyer,'* who found that sputter- 
ing with ion energies of 5000 to 10 000 ev is independent 
of the angle of incidence and that the sputtered material 
in this case is distributed according to the cosine law. 


(b) Threshold Energies for Normal Incidence 


With a cylindrical target large compared to the ion 
sheath thickness, the incidence of ions becomes essenti- 
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Fic. 5. Sputtering from metal strip indicating momentum transfer. 
18 R. Seeliger and K. Sommermeyer, Z. Physik 93, 692 (1935). 
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ally normal. Thresholds under determined angle of 
incidence are much easier to interpret than yields 
because they describe only the optimum and most 
favorable impact conditions. Surface roughness, pre- 
ferred orientation of surface grains, density of grain 
boundaries or dislocations on the surface, surface layers 
partially protecting the bulk material—all these factors 
are important for the yield, but not so much for the 
threshold. This can be demonstrated by comparing 
sputtering from a target which is in form of a solid 
sheet with a target which is prepared by cold pressing a 
powder of the same material. The yield in the second 
case is considerably lower, mostly due to the large 
surface roughness which causes the sputtered atoms 
to be trapped, but the threshold remains essentially 
the same. Hence, the thresholds of materials which were 
only available in powder form could be investigated by 
supporting them on a base metal with high threshold, 
as for instance Zr. 

The thresholds for 23 metals under normal incident 
Hg-ion bombardment and at target temperatures 
around 300°C were measured with the setup of Fig. 2 
in the following simplified procedure: First the surface 
layers were sputtered off; then, after rotating the 
collector by one step, the target was sputtered for 10 
minutes with 200-ev ions; then for 10 minutes again 
with 190-ev ions, etc., so that finally a succession of 
deposits was obtained which showed how much material 
was sputtered in 10-minute intervals at ion energies 
which were varied in 10-ev steps. The deposits naturally 
became weaker at lower ion energy, but then, below a 
certain ion energy which varied for different metals, 
they disappeared completely. These experiments, re- 
peated with 30-minute exposure time (instead of ten 
minutes) show essentially the same minimum ion 
energy. In order to secure enough nuclei for the adsorp- 
tion of sputtered atoms on the collector, and to prove 
that this observed disappearance of deposits was not 
caused by a rapid decrease of the accommodation coeffi- 
cient with decreasing density of arriving atoms,!* the 
collector in another experiment was first uniformly 
covered with a thin transparent metal layer. The mini- 
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—— HEAT SUBLIMATION (ev) 


Fic. 7. Threshold energies for normal incident Hg-ion 
bombardment vs heat of sublimation. 


mum ion energy still remained the same.’ It therefore 
seems justifiable to identify this energy with the thresh- 
old energy for normal incidence. 

These thresholds, determined to lie within the indi- 
cated limits, are plotted vs the heat of sublimation of 
these materials'® in Fig. 7. They are consideably higher 
than previously determined under more oblique inci- 
dence,? but of the same magnitude as determined for 
the case Pt— Xe* under normal incidence.® 

The first step in an attempt to fit these experimental 
values into an empirical law was to plot the energy 
transferred at threshold to a target atom vs the heat of 
sublimation, under the assumption of central elastic 
impacts between free elastic spheres. Figure 8 shows 
that, although some tendency for proportionality seems 
to exist, no simple relationship is obtained. Figure 9 
shows a plot of the momentum transferred in a central 
elastic impact vs the heat of sublimation. Two things 
were noticed in this diagram: (1) The numerical value 
of the velocities with which the momentum values have 
to be multiplied in order to convert them into the 
corresponding heat of sublimation is of the order of 
magnitude of the sound velocity in metals. (2) Metals 
with a high sound velocity tend to be found at the lower 


17 Ditchburn (reference 16) has shown that the accommodation 
coefficient is unity and essentially independent of the density of 
striking atoms as soon as the collector is in a plasma and under 
ion bombardment. 

18L. Brewer, in Chemisiry and Metallurgy of Miscellaneous 
Materials Thermodynamics (McGraw-Hill Book Company, Inc., 
New York, 1950), National Nuclear Energy Series, Plutonium 
Project Record, Vol. 19B, Div. IV, p. 13. 





GOTTFRIED K. WEHNER 








a 
So 








§Yo mg mm jing > mmm)" (ev) 





» 
> 





3 




















——® HEAT OF SUBLIMATION (ev) 


Fic. 8. Energy transferred at threshold to a target 
atom vs heat of sublimation. 


right and those with small sound velocity at the upper 
left side of the diagram. Finally, the surprising result 
shown in Fig. 10 and previously reported in a Letter" 
is that all values line up nicely along a straight line 
when the momentum transferred at threshold is multi- 
plied by the bulk sound velocity” of the metals and 
these values are plotted vs the heat of sublimation. 

The significance of the sound velocity is obviously 
to introduce the elastic constants of the target material, 
which determine what part of the transferred energy 
with the momentum directed toward the inside arrives 
at the surface with the momentum vector pointing to 
the outside. This part has to be at least equal to the 
binding energy of a surface atom before sputtering 
ensues. With the dimensionless proportionality factor 
of 11.2, obtained from Fig. 10, the empirical law for 
thresholds Vo under normal incidence is 


(Seay 
MAM nis 


= 





where Vo is in ev, M,=atomic weight of ion, 
M,,=atomic weight of metal, »,=bulk sound velocity 
of metal in cm/sec, and ¢=heat of sublimation of 
metal in kcal/mole. The influence of the sound velocity 
is rather pronounced. If W, for instance, were to have 
the sound velocity of Pb, a threshold energy of 550 ev 
against a measured 90 ev would be calculated. This law 
applied for electrons bombarding a metal surface 
would yield threshold energies of 10° to 10’ ev. Measure- 
ments on graphite, a material with pronounced 
anisotropy of the elastic constants seem to indicate that 
thresholds are determined by (?,)max. Unfortunately 
measurements with graphite are somewhat obscured 


#” G. Wehner, Phys. Rev. 93, 633 (1954). 
” W. Koester, FIAT Rev. Ger. Sci. 1939 31, 46 (1950). 


by a kind of chemical sputtering” (the origin and cause 
of which has not yet been determined), which is super- 
imposed and active down to very low ion energies (10 
ev). The threshold of boron (200 to 250 ev) indicates 
a bulk sound velocity for this material of 14x10° 
cm/sec (between Si and diamond) a value which seems 
not unreasonable. 

These threshold measurements allow no decision if 
the potential energy which becomes available when the 
ion is neutralized can contribute under favorable 
conditions to sputtering. With (V,;/—W) of the order 
5ev (V,/=ionization potential of gas, W=electronic 
work function) this effect, if present, would be well 
within the measuring error. A contribution of this 
potential energy to sputtering would be difficult to 
understand because the generally accepted view is that 
the ion becomes neutralized before actually reaching 
the surface and (V;/—W) in an Auger-type transition 
is transferred to a conduction electron.” 
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Fic. 9. Momentum transferred at threshold to a target 
atom vs heat of sublimation. 


There is reason to believe that the threshold law is 
of a general nature and applicable to other ion-metal 
combinations as well. Measurements in other gases, 
however, have to be made before this can be considered 
to be established. The plots of yield vs ion energy 
[see Sec. III(c) ] show that the minimum energy is not 
very well defined because the curves show a tendency 
to taper off towards the abscissa rather than cut it 
clearly. This is not surprising since a surface always 
contains many atoms which are in a condition of 
weaker binding or higher surface free energy, such as 
at dislocations, at grain boundaries, or in corner, step, 
or kink positions where atoms have less neighbors than 
in a filled plane. 

Threshold energies for some common metals under 
normal incident rare gas ion bombardment to be ex- 
pected according to this threshold law—with some 


21 A. Guentherschulze, Z. Physik 36, 563 (1926). 
2H. D. Hagstrum, Phys. Rev. 96, 336 (1954). 
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arbitrariness in definition, as mentioned—are given 
in Table I. 

An interesting consequence of the dependence on the 
sound velocity occurs with iron: The threshold should be 
higher with higher target temperature because Fe shows 
a pronounced decrease of the sound velocity with in- 
creasing temperature. Measurements on a heated iron 
target show that this indeed is the case. The threshold 
of 65 ev at 300°C increases to around 120 ev at 700°C. 
Here we have the rather unusual situation that sputter- 
ing above and near threshold decreases with increasing 
target temperature. 


(c) Sputtering Yield 


With the gas discharge part well controlled and better 
understood, emphasis can now be shifted more to the 


TABLE I. Threshold energies in ev for normal incidence 
as predicted from the threshold law. 








\Ion 
Metal\. 


Al s K 120-140 
Si 38 60- 70 
i 110-130 
120-130 

60- 80 

60- 70 

80-100 

70- 90 

50- 70 

40- 50 

120-130 

120-130 

80-100 

70- 80 

50- 80 

40- 50 

30- 40 

150-180 

120-140 

80-100 

70- 80 

70- 90 

40- 50 

20- 40 

120-140 

70- 80 


Hg 
(measured) 











solid state side of the problem. The decrease in yield 
with increasing surface roughness (trapping of sputtered 
material) was demonstrated with targets which were 
cold pressed from powder. The microscopic inspection 
(see later) of sputtered polycrystalline targets shows 
that grain boundaries, dislocations, etc., are in general 
more readily attacked than undisturbed regions. The 
different rate of attack of different grains in a poly- 
crystalline target shows the influence of the crystal 
orientation. A survey of published experimental results 
shows that body-centered cubic metals seem to have 
generally a lower sputtering rate than face-centered 
cubic crystals. Therefore one has to also expect the 
crystal structure to come into play. The lower sputtering 
rate of chemisorbed surface layers such as oxides, etc., 
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is well known and can most strikingly be demonstrated 
with materials which are known to form strongly 
bound oxide layers, such as Al, Zr, Ti, Th, Ta, U, etc. 
Such materials may be under ion bombardment for a 
long time without major signs of sputtering; then quite 
suddenly, after the original surface layers are removed, 
sputtering of the bulk material sets in and heavy 
deposits are formed in a short time. Unless very pure 
discharge conditions are maintained and the deposition 
of impurities from the gas, as well as diffusion of im- 
purities to the surface from inside the target, are so 
small that sputtering can overcome the continuous 
formation of such layers, a large influence of target 
temperature and ion current density on the yield is to 
be expected. 

Attention should be paid to these errors which may 
sometimes arise: A silver surface, for instance, after 
sputtering treatment was found to be densely covered 
with a pelt of fine needles, all of equal height. It turned 
out that in preparing the surface by grinding and 
mechanical polishing, small insulating particles had 
become imbedded in the surface and had protected 
the underlying material from sputtering. Hence me- 
chanical polishing with abrasives should be avoided, 
and the last step in preparing a surface should be 
turning with a diamond tool or electrolytical polishing. 
Another source of error may arise from little tinsels 
created when material peels off the collector, the tube 
walls, or other electrodes. These tinsels eventually 
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Fic. 10. Product of momentum and sound velocity of the 
target material vs heat of sublimation. 
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Fic. 11. Yield vs ion current density for Pt 
bombarded with Hg ions. 


settle down on the target and are then cold-welded 
to the surface by deposits of sputtered material. 

With the many parameters involved, it is not sur- 
prising that yield data reported by different authors 
show considerable discrepancies. In many cases in- 
sufficient information on target conditions and surface 
preparation is provided. Furthermore, yield measure- 
ments should always include a check as to whether the 
yield is independent of the ion current density, and 
within certain limits of the target temperature. 

The knowledge of yield data for polycrystalline 
materials is not only of considerable practical interest, 
but in addition much useful information on the basic 
process of sputtering will certainly be derived therefrom 
as soon as a sufficiently large number of reliable and 
well-defined data will be available. This, however, has 
not been accomplished yet, and has been postponed in 
favor of single-crystal investigations which at present 
promised more immediate results of basic interest. 
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Fic. 12. Yield vs ion energy for Pt-Hg. 


K. WEHNER 


Thus far, only the yield of polycrystalline Pt under 
normal incident Hg-ion bombardment has been care- 
fully measured. The extension of these measurements 
to other materials under controlled variation of the 
said parameters is planned in the near future. 

Figure 11 shows the yield S/(1+-y) of Pt vs the ion 
current density at 100-ev and 200-ev ion energy, the 
latter curve measured at 300°C and at 650°C. The 
curves show that the yield becomes independent of ion 
current density only above 3 ma/cm? and then reaches 
the same value obtained at 650°C, here being practically 
constant over the whole current density range. This 
result suggests strongly that either a protecting Hg film 
(adsorption of Hg from the vapor) or impurity layers 
are formed on the surface unless the target temperature 
or the ion current density are above certain critical 
values. Recent measurements of Fetz and Schiefer* 
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Fic. 13. Yield vs ion energy for Pt-Hg near threshold. 


seem to give support to the first explanation, because 
their studies indicate that the strong temperature 
dependence observed in Hg at low ion current density 
(0.5 ma/cm*) and most pronounced in the case of 
Pt-sputtering seems to disappear in the case of At 
bombardment. 

The yield S/(1+-y) vs ion energy for target tempera- 
tures of 300°C and 650°C is plotted in Fig. 12. The 
difference between the two target temperatures is small 
and within the range of possible errors. This proves 
that Hg contamination of the target surface cannot 
have played a major role. S/(1i+~) turns out to be 
roughly proportional to (Vi— Vo) with Vo~90 ev. The 
yield of unity is reached at 380 ev as compared to a 
value of 500 ev measured for the same combination by 
Guentherschulze and Mayer.® The region near threshold 


2H. Fetz and Schiefer (private communication). 
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where the yield tapers off towards the abscissa was 
measured in more detail and the result is plotted in 
Fig. 13. Here the relationship is better described as 
[S/(1+-)]* proportional to (Vi—Vo’), where Vo’ is 
about 50 ev. The same relationship with Vo'=40 ev 
was found to hold near threshold by Wehner and 
Medicus® for the case Pt—Xet. The threshold which 
was determined with the simplified procedure and used 
in the threshold law as described above was 70 to 90 ev, 
that is, between the values V» and Vo’ and closer to Vo. 

At present, with the limited number of reliable yield 
data collected so far, and with the many solid state 
parameters which are involved in the case of poly- 
crystalline targets, it is not yet possible to draw many 
useful conclusions on the basic process. It looked more 
promising to simplify conditions further by sputtering 
from metal single crystals. 


(d) Ejection of Atoms from Single Crystals 


It is surprising that systematic studies of sputtering 
of monocrystals apparently never have been made. 
The etch effects observed on sputtered polycrystalline 
targets, the momentum transfer results, as well as the 
fact that the elastic constants are involved in the 
threshold law, led to the belief that interesting results 
should be expected in the case of well-controlled low-ion- 
energy sputtering of monocrystals. 

The first indication of an interesting new phenomenon 
was obtained when a tungsten single-crystal wire (so 
called Pintsch wire), mounted along the axis of a 
cylindrical glass collector, was sputtered. The sputtered 
deposit was not uniform, but made up of patches which 
were arranged in a pattern which is closely related to 
the crystal orientation. In another experiment, material 
sputtered from tungsten single-crystal balls (1-mm 
diam, 150-ev Hg ions) was deposited on a glass collector 
plate 1 cm away. In this case, patterns were obtained 
which resemble electron field emission patterns (Fig. 
14). The difference from evaporation can simply be 
demonstrated by changing the polarity of the ball so 
that it is heated up under electron bombardment to a 
high temperature. Then the evaporated deposit shows 
not the slightest indication of a pattern, but follows 
more or less the expected cosine law. 

Better adapted experimental conditions were obtained 
when a ring zone of a single crystal rod instead of a thin 
wire or little ball is sputtered. With the crystal orienta- 
tion determined by x-ray methods, it turned out that 
in the case of fcc Ag and Cu the deposited patches 
corresponded to the [110] axes of the crystal. One 
might be inclined to believe that every patch contains 
material from a certain zone of the monocrystal surface. 
This however is not the case, as was shown by pro- 
tecting different zones of the crystal surface from 
sputtering by painting with aquadag. A certain patch 
disappeared completely only when the whole area of the 
target visible from the patch was covered. This indi- 


Fic. 14. Deposits obtained when W single-crystal 
balls were sputtered. 


cated that every patch contained material from all over 
the crystal side facing the patch, and the sputtered 
atoms must have been ejected at angles to the surface 
which were different at different regions of the circum- 
ference of the target rod. Another important result was 
that the patterns do not change with the developemnt 
of etch patterns on the surface; in fact, the deposit 
patterns were independent of the surface configuration, 
provided, of course, that distorted surface layers were 
already removed. 

The direction in which atoms are ejected can most 
conveniently be studied when plane surfaces of low 
index (carefully machined and then electrolytically 
polished) are sputtered. The material sputtered from a 
small area (3-mm diam) of such planes was collected on 
a glass plate 1 cm distant and the simple characteristic 
patterns obtained in this case show clearly the directions 
of ejection. Figure 15, for instance, shows the patterns 
obtained from a {111} surface of a Ag (fcc) single 
crystal. The model of the atom arrangement is shown 
in the lower half of Fig. 15. The sticks mark the [110] 
directions, which are the directions of closest packed 
atoms. The patches in the threefold symmetrical pattern 
correspond to the three [110] directions pointing out 
of the surface. An indication of the six [110] directions 
which are in the surface plane is obtained when the 


Fic. 15. Deposits ob- 
tained when a {111} silver 
plane is sputtered with 100- 
ev Hg ions. 
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Fic. 16. Deposits ob- 
tained when a {100} 
silver plane is sputtered 
with 100-ev Hg ions. 


collector is a glass cylinder surrounding the target 
with the cylinder axis normal to the {111} plane. The 
indication of these directions is rather weak because 
most of the sputtered atoms are trapped and not able 


to clear the surface. Figure 16 shows the fourfold 
symmetrical pattern obtained from a {100} Ag surface. 
Again the patches correspond to the four close-packed 
directions. Figure 17 shows the case of a {110} Ag 
surface. The central spot of the twofold symmetrical 
pattern corresponds to the close-packed direction nor- 


Fic. 17. Deposits ob- 
tained* when a {110} 
silver plane is sputtered 
with 50-ev Hg ions. 


mal to the surface. Identical results are found in the 
case of Cu. 

In bec crystals—thus far W, Mo, and a-Fe have been 
investigated—the direction of preferred ejection is again 
the direction of closest packing, which is in this case 
[111]. Figure 18, for instance, shows the pattern 
obtained from a {110} surface of a-Fe with two spots 
corresponding to the two [111] directions which 
project out of the surface and enclose an angle of 70°32’. 
The rather astonishing fact is that the contribution of 
directions of second-nearest neighbors, that is [100], 
although their distance is only 15% more than that of 
closest neighbors, is at 150 ev still negligibly small. 

With Ge the diamond lattice was studied and it was 
again found that atoms are sputtered in the close- 
packed directions, that is, [111]. In this case, however, 
it should be noted that a single inside atom finds 
closest-packed neighbors only in four of the eight [111] 
directions (coordination number 4, against 8 in bcc 
crystals). 

Of much interest are the changes these patterns 
undergo at different ion energies. On silver the three 
low-index planes {111}, {100}, and {110} were studied 
at ion energies of 50, 100, and 150 ev. It should be 
emphasized that it is much easier to visualize the 
following considerations on ball models of the corre- 
sponding surfaces than to describe them. 

The largest changes were observed in the pattern of 
the {110} plane. At very low ion energy (40 ev), the 
center spot tends to disappear. Obviously, sputtering 
in the [110] direction normal to the surface requires a 
full 180° change of the direction of the original mo- 
mentum, while the four ‘other spots require less and 
hence become predominant near threshold. These latter 
spots are so well defined and their angle of ejection 
agrees so well with the corresponding [110] directions, 
that one must conclude that these atoms were not 
obstructed by neighbor atoms and cannot have been 
ejected from a filled plane nor from positions in a half 
lattice step (a position which is peculiar to a {110} 
plane) but only from more open positions such as from 
corners or kinks in a full lattice step as well as from 
filled full lattice steps which are parallel to a [100] 
direction. Atoms in these positions have only four 
nearest neighbors. This conclusion is further supported 
by the observation that the long axes of the oval spots 
in Fig. 17 do not point to the center of the pattern, 
but are inclined more toward the two [210] directions 
on both sides of the center [110] axis. The model 
surface ‘shows that atoms can deviate from the four 
[110] axes in direction to these two [210] axes because 
no neighbors interfere here ; deviation in direction to the 
two [221] axes on the other sides of the center [110], 
however, is not possible because such atoms would 
run into repulsive forces of interfering neighbors. 
Figure 19, a pattern obtained from a {111} plane at 
100 ev shows these deviations still more pronouncedly, 
with a tendency toward two bands being formed which 
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indicate strong deflection in direction to the two [210] 
axes. Atoms which would preferably be deflected in 
this way are those ejected from half-steps (six nearest 
neighbors) which are parallel to a [100] axis in the 
surface. This pattern shows further that the center 
spot now becomes very predominant and is remarkably 
well defined. It can be concluded that atoms respon- 
sible for this spot come either from the more numerous 
positions in a half-step (six nearest neighbors) or the 
still more numerous positions in a filled plane (seven 
nearest neighbors). 

Conditions are much simpler when a {100} fcc plane 
is sputtered. The pattern shows, in this case, hardly any 
change with ion energy. The pattern is very sensitive 
to small deviations in angle (only a few degrees) from 
the exact plane. Those [110] directions which make a 
somewhat smaller angle with the normal to the surface 
always come out much stronger. This cannot be caused 
by the difference in directional change of the original 
momentum because then the opposite spots should be 
more pronounced. This is another strong indication 
that atoms are not ejected from a filled plane (eight 


Fic. 18. Deposits ob- 
tained when a {110} a-iron 
plane is sputtered with 150- 
ev Hg ions. 


nearest neighbors) but from step positions. Such steps 
on surfaces which are slightly inclined against a low- 
index plane are always open in the direction in which 
the target surface is inclined against the low-index 
surface; hence the deposits from those [110] directions 
which are closer to the surface-normal become pre- 
dominant. Atoms which are most readily sputtered 
beside those on top of filled planes (four nearest 
neighbors) are those from step corners or kinks in 
steps (five nearest neighbors) and from such filled 
steps which run in a [100] direction (six nearest 
neighbors). Sputtering from filled steps which run in a 
[110] direction (seven nearest neighbors) may account 
for the weak deposits (Fig. 16) that connect the four 
[110] spots, because atoms coming from such positions 
must have been deflected in such directions by ob- 
structing neighbors. 

Accordingly one has to conclude that in sputtering 
from the {111} Ag plane no atoms are ejected from a 
filled plane (nine nearest neighbors) at ion energies 
below 150 ev because no deflection of atoms in a direc- 
tion to the center of the pattern which should take 
place in this case, is observed. Corner or kink atoms 
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Fic. 19. Deposits obtained when 
a {110} silver plane is sputtered 
with 100-ev Hg ions 


on steps (five and six nearest neighbors respectively) 
can be ejected unobstructedly and can be “‘accidentally”’ 
deflected in directions which account for the observed 
broadening of the three [110] spots in a circular direc- 
tion (Fig. 15). Atoms can as well be ejected from 
filled steps which are parallel to [110] directions (seven 
nearest neighbors) but open in direction to the [110] 
axes nearest to the center [111] (in the model of Fig. 
15, for instance, open to the rear side). Atoms from 
filled steps parallel to [110] but open in direction to the 
[100] axes nearest to the center [111] (open to the 
front side of the model) run into obstructing neighbors 
and should, as the model shows, be deflected in such 
directions as to fill the circle in between the three 
[110] spots. Figure 20 shows that this is actually the 
case when the ion energy is raised to 150 ev. 

The conclusions which can be drawn from these 
ejection studies may be summarized as follows: (1) 
Atoms are preferably ejected in the directions of 
closest packing. Ejection in directions of second nearest 
neighbors, even in the bcc lattice, is negligibly small 
at ion energies below 150ev. (2) At very low ion 
energy (near threshold) those close-packed directions 
which require less directional change of the original 
momentum are more pronounced. This result checks 
with the observation that atoms sputtered from poly- 
crystalline material under oblique bombardment are 
ejected in a direction away from the direction of 
incidence. (3) At very low ion energy, only such atoms 
are sputtered which have a close-packed direction for 
ejection available which is not obstructed by neighbor 
atoms such as from positions on top of a filled plane, in 
corners, kinks in steps, or certain filled steps. (4) At 
higher ion energy, additional atoms are freed from the 
more numerous positions where neighbor atoms interfere 
with the close-packed directions. The obstructing atoms 
cause deflections and characteristic changes in these 
patterns. (5) Atoms sputtered in close-packed directions 
which are parallel to the target surface are mostly 
trapped and not able to clear the surface. (6) The 
bombardment of a surface with Hg ions of energies 
below 150 ev seems not to cause serious distortions in 
a surface layer; otherwise the patterns could not come 


Fic. 20. Deposits obtained when 
a {111} silver plane is sputtered 
with 150 ev. 





GOTTFRIED K. WEHNER 


Fic. 21. Micrograph of polycrystalline Pt surface after 
sputtering with 150-ev Hg ions shows etch hillocks. 


out as clearly as they actually do. (7) At least for 
the case of Ag, which was studied in more detail, one 
has to assume that the atoms in the ejection process 
behave remarkably similar to closely packed rather 
hard spheres. (8) The number of directions in which an 
unobstructed atom can be sputtered is proportional 
to the coordination number, that is, twelve in fcc and 
hep, eight in bec, and four in the diamond lattice. This 
must be of immediate consequence for the sputtering 
yield (not, however, for the threshold) and it provides 
an explanation for the observation that sputtering 
seems to decrease in the order fcc, bec, and diamond 
lattice.® 

The fact that the patterns to a first approximation 
are independent of the surface contours, especially of 
the etch patterns which developed on the surface after 
prolonged sputtering, provides a simple and reliable 
method for studying surface distortions and later, 
after such layers have been sputtered off, for roughly 
determining crystal structure and orientation of single 
crystals. For this purpose the crystal, whatever shape 
it may have, is immersed in the plasma and bombarded 
from all sides with low-energy ions. The sputtered 
material is collected on a surrounding glass cylinder. 
By replacing this cylinder after suitable time intervals, 
one can study the changes taking place when surface 
layers are removed and study the depth to which the 
deformation of the surface extends. Finally, when 


Fic. 22. Micrograph of polycrystalline Si surface after 
sputtering with 150-ev Hg ions shows etch pits. 


sputtering has proceeded to the undistorted bulk 
material, the patterns remain unchanged and the 
patches indicate the closely packed directions. 


(e) Etch Effects 


Etch effects caused by sputtering have been observed 
long ago and were the subject of several investigations. 
All these studies, however, were made in the glow 
discharge, that is, under undetermined ion energy and 
angle of incidence, with part of the sputtered material 
returning back to the target. Under these conditions 
naturally the results were rather complex and seldom 
reproducible. Feitknecht,* as early as 1924, was well 
aware of this and pointed out the need for better con- 
trolled low-pressure studies. But this never seems to 
have been done, although the field of surface physics 
in the meantime has attracted enormous attention. 

The microscopic inspection of polycrystalline surfaces 
after bombardment under normal incidence with Hg ions 
of 100 to 300-ev energy (~10 ma/cm?, target tempera- 


Fic. 23. Micrograph of {110} plane of silver single crystal rod after 
sputtering with 150-ev Hg ions shows etch pits. 


tures 100 to 200°C) shows several pronounced effects: 
Crystallites with different orientation are attacked at 
different rates. Grain boundaries are generally sputtered 
at a higher rate and appear as furrows. The opposite 
effect (grain boundaries elevated) was observed on a 
silver specimen which before had been oxidized heavily 
in air at higher temperature. This was obviously due 
to the lower rate of attack of silver oxide which had 
been formed preferably at the grain boundaries. Twin 
boundaries are attacked at the same rate as the crystal- 
lites. Grains often show oriented pits or hillocks. Their 
form and orientation is characteristic for the grain 
orientation. Figure 21, for instance, shows a Pt surface 
with threefold symmetrical hillocks at the right side 
of the picture, indicating a crystallite with a {111} 
plane parallel to the surface, and fourfold symmetrical 
hillocks at the left side indicating a grain with a {100} 
plane parallel to the surface. In many cases a layer 
structure appears on the surface. Figure 22 shows a 
polycrystalline Si surface with characteristic conical 


™ W. Feitknecht, Helv. Chim. Acta 7, 825 (1924). 
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pits, often arranged in clusters, which developed after 
sputtering. The appearance of sputtered surfaces 
closely resembles in many cases those obtained with 
certain chemical etchants. 

Studies which go beyond these more general observa- 
tions are better accomplished by sputtering single 
crystals with known orientation. A silver single-crystal 
rod, which had an orientation such that the rod axis 
almost coincided with a [211] axis, so that the rod 
surface contained two low-index planes, the {110} 
and the {111}, was sputtered from all sides. The in- 
spection of the rod showed that the surface everywhere 
tends to develop {110} facets. Figure 23, obtained after 
sputtering with 150-ev Hg ions, shows the region of a 
{110} plane with pits in a layer structure which have 
the twofold symmetry to be expected. The long axis 
of the oval pits points in the surface direction [110]. 
This result is in agreement with the conclusion which 
was drawn from the ejection studies from a {110} 
plane: atoms from filled half-steps which are parallel to 
a [100] direction are easier to sputter than from filled 
half-steps which run in a [110] direction. At higher ion 
energy the difference between these two directions be- 
comes less pronounced and the ovals assume a more 
circular shape. Figure 24 (125 ev) shows the {111} 
surface of the same rod with pronounced threefold 
symmetrical hillocks which have {110} facet planes. It 
is suspected that these hillocks are the result of crystal 
growth rather than etching. The {111} plane has six 
close-packed directions parallel to its surface; conse- 
quently, much material will be sputtered and trapped 
again, thereby being shifted back and forth in the 
surface. This process proceeds with a higher probability 
for those atoms which are in positions with higher 
surface free energy and those atoms which are in 
positions of perfect order have less probability of being 
resputtered. It is not quite clear yet why certain 
places are preferred for developing either pits on the 
{110} plane or hillocks on the {111} plane. It is possible 
that dislocations may play an important role here. 
Hillocks may as well develop underneath protecting 
insulating particles. It was observed, for instance, that 
electropolished targets show less tendency for hillock 
development than untreated surfaces. 

Also of interest was the different rate of removal 
of material from different planes of this silver single- 
crystal rod. For this purpose the decrease of the rod 
diameter was measured as function of the cross-section 
angle after the rod had been sputtered from all sides 
for a long time. It turned out that the least amount of 
material is removed from the region where a {110} plane 
is parallel to the target surface (at 150 ev about 0.5 
atom per ion). The rate of removal increases as the 
surface-normal becomes divergent from the [110] axes, 
and is highest in the vicinity of the {111} plane (at 
150 ev about 0.8 atom per ion). The difference in 
sputtering yield of different planes tends to decrease 


Fic. 24, Micrograph of {111} plane of silver single crystal rod after 
sputtering with 125-ev Hg ions shows etch hillocks. 


with increasing amount of material removed. It seems 
to be higher at lower ion energies. 

Essentially similar results are obtained in the case 
of a Cu single crystal. In bcc a-Fe, the inspection of the 
surface after sputtering shows that here the {100} 
facets tend to develop. It seems that those planes which 
have the most open structure or the least number of 
nearest neighbors (fcc: {110}, bec: {100}), especially 
when they become inclined against the target surface, 
are preferentially attacked and therefore developed. 

The influence which dislocations may play in sputter- 
ing was demonstrated in Ge targets. Figure 25 shows the 
surface of a Ge target after sputtering at 150 ev. Of 
special interest in this sample was a line of pits which 
developed after the sputtering treatment. The picture, 
even in details, resembles so closely a micrograph 
published by Vogel e¢ al.25 obtained on a Ge surface 
after treatment with CP-4 etchant, that no doubt can 
exist that the features brought out here are the same. 
Vogel** could prove that the row of pits indicates a 
lineage boundary, separating two crystals which are 
slightly tilted against each other but have a common 
crystal axis normal to the surface. The conical pits 
develop on those places on the surface where edge 
dislocations emerge. These places are regions of higher 
surface free energy; consequently they are more easily 
attacked in sputtering as well as with certain chemical 
etchants. It is interesting to see that under oblique 
bombardment (target edge in Fig. 26) the deepest 
point in these pits is displaced in the direction away 


Fic. 25. Micro- 
graph of germanium 
single-crystal surface 
after sputtering with 
150-ev Hg ions shows 
etch pits and a line- 
age boundary. 


cad Vogel, Pfann, Corey, and Thomas, Phys. Rev. 90, 489 (1953). 
% F. L. Vogel, Acta Metallurgica 3, 245 (1955). 
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Fic. 26. Micrograph of the edge of a Ge single crystal target 
after sputtering with 150-ev Hg ions shows etch pits. 


from the direction of incidence. This probably is due to 
the difference in angle of incidence of the ions on the 
sides near and away from the direction of incidence 
as well as to the effect of material being sputtered from 
the near side and ejected in such a direction that it is 
trapped and deposited on the opposite side. 

An experiment was performed in order to prove that 
crystal growth by sputtering, suspected to be respon- 
sible for the development of hillocks in a fcc {111} 
plane (Fig. 24), is actually possible. For this purpose 
a W single-crystal wire was arranged on the axis of a 
polycrystalline W cylinder and both were sputtered 
at the same time. With the wire at —70 ev and the 
cylinder at — 400 ev relative to plasma, the rate at which 
W atoms were deposited on the wire surface was 
slightly higher than the rate at which atoms are 
sputtered from the wire. Under these conditions the 
single crystal grew as a single crystal, and in about 
40 hours time the diameter of the wire was increased 
from 0.3 mm to 0.7 mm. When, however, the wire is 
not under ion bombardment, the W atoms are deposited 
without relationship to the underlying single crystal 
and no single crystal growth is observed. The ion bom- 
bardment obviously is important because it helps to 
keep the surface free of impurities and such atoms which 
are in positions of perfect order are less likely to be 
resputtered than others. The possibility that bombard- 
ment-enhanced surface migration plays an important 
part cannot be excluded. 

Etching by sputtering seems to have some definite 
advantages over chemical, electrolytical, or thermal 
etching. The method is equally well adopted for different 
metals and with the two parameters, ion energy and 
target temperature, the process and in particular the 
energy transferred to the surface can be well controlled. 
The results collected so far are still rather sketchy and 
preliminary, but they at least indicate that much useful 
information not only in relation to the basic process but 
more generally in such fields as surface physics, metal- 
lography, and crystallography, can be obtained. In 
particular, controlled sputtering promises to become 
a new tool in crystal growth and dislocation studies. 


Iv. CONCLUSIONS 


From the experimental results, although they were 
limited to Hg-ion bombardment, it can be concluded 
that the basic process in sputtering at low ion energy 
(less than 300 ev) is most likely as follows: In the first 
step the ion, already neutralized a few angstrom units 
away from the surface, collides with one or several 
surface atoms and transfers momentum and kinetic 
energy. The important parameters which thus come 
into play are: the kinetic energy of the ion, the angle of 
incidence, and the atomic weights of ion and target 
atom. The second part of the process takes place inside 
the target and is concerned with the transport of energy 
and momentum. The momentum vector pointing to 
the inside of the target has to be reversed in direction 
in order to account for sputtering. A shock wave is 
initiated from the place of impact, the energy most 
efficiently travels along closely packed atom rows, and a 
small part of the original energy with momentum now 
pointing to the outside finally arrives at the surface. 
The important parameter in this stage is the sound 
velocity or the related elastic constants of the target 
material. The third stage is concerned with the separa- 
tion of atoms from the surface and their escape. A 
surface atom—not necessarily the one which got the 
original impact—received an energy pulse from one 
of its close neighbors underneath. When this energy 
is sufficient to overcome the binding energy of the atom, 
and furthrmore when the atom is not obstructed by 
neighbor atoms in the direction in which it received 
the impact and is not trapped again on surface pro- 
trusions, it is sputtered. The important parameters 
which come into play in this stage are the heat of sub- 
limation, the number of atoms in positions of weaker 
bond (grain boundaries, dislocations), the crystal 
structure and orientation—because they determine the 
number of possible directions for ejection—and the 
surface roughness. 

At higher ion energy the process is probably different. 
With the formation of interstitial atoms and 
(neutralized) ions forced into the lattice, the process is 
probably better described in terms of evaporation from 
a localized region near the place of impact (von Hippel)?” 
or radiation damage (Keywell).?8 
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Above the Curie temperature, pyroelectric currents can be produced in single crystals of barium titanate 
even though there is no electric field applied. The polarization that remains at these temperatures is ascribed 
to space-charge fields in the crystal. From studies of the wave forms of the pyroelectric current signals it is 
concluded, tentatively, that space-charge layers of up to 10-5 cm in thickness reside at the crystal surface 
and that these space charges also produce a field through the interior of the crystal. Further evidence for 
space-charge fields is provided by the occurrence of an associated photovoltaic effect and by asymmetrical 
hysteresis loops. The space-charge fields vary considerably in magnitude from crystal to crystal. In general, 
they can be modified by suitable heat treatment but return to their original condition when fields are 


applied above the Curie point. 


The space charge fields apparently influence the direction in which the domains polarize when the crystal 
is cooled through the Curie point. They will also affect capacity measurements above the transition and 
will influence the actual temperature of the transition. It is quite possible that the fields play an important 


role in the process of domain nucleation. 





INTRODUCTION 


N the basis of x-ray and electron diffraction experi- 
ments with very small particles of BaTiO;, Kanzig 
has suggested! that there exists an ionic or electronic 
space charge layer at the surface of the crystal. As he 
points out, this layer will not disappear simply by 
heating the crystal through the Curie point of the bulk 
crystal because the properties of the space-charge layer 
do not depend sensitively upon the temperature as long 
as the conditions for dielectric saturation are fulfilled. 
Consequently, the surface layers of the crystal will 
remain spontaneously polarized at temperatures above 
the Curie point. The x-ray and electron diffraction 
experiments? do indicate, in fact, that the surface 
layers remain tetragonal above the Curie point. 

In the temperature range immediately above the 
Curie point, the polarizability of the crystal is very 
high and varies rapidly with the temperature. This 
suggests that above the Curie point, any spontaneous 
polarization in the space charge layer should give rise 
to an appreciable pyroelectric effect. The author has 
described elsewhere a dynamic method for studying the 
pyroelectric effect. The crystal is subjected to brief 
intense flashes of light by means of a rotating chopper. 
During the flash the temperature of the crystal changes 
at the rate d7/dt and consequently, the spontaneous 
polarization changes at the rate dP/dt. This rate of 
change of the polarization is recorded as a current, 4, in 
an external circuit, where i can be written 


dP dP. (dT 
-o(2)-0(2)(2) 
dt dT dt 


where A is the area of the crystal. It was shown for the 
dynamic technique that the factor dT/dt that occurs in 


1W. Kanzig, Phys. Rev. 98, 549 (1955). 

2 Anliker, Brugger, and Kinzig, Helv. Phys. Acta 27, 99 
(1954). 

3A. G. Chynoweth, J. Appl. Phys. 27, 78 (1956). 


(1) 


(1) is approximately independent of the actual tem- 
perature of the crystal if the specific heat at constant 
stress remains approximately constant. Then, as the 
conditions of the experiment are varied, any changes in 
the pyroelectric current, i, are reflecting to a first 
approximation, changes in the factor dP/dT, the pyro- 
electric coefficient. It has been shown also that dP/dT 
is still the dominant factor even close to the Curie 
point where the specific heat is fairly temperature de- 
pendent. The details concerning the mounting of the 
crystals and their electrodes have been fully described 
elsewhere.’ 


EXPERIMENTAL OBSERVATIONS 


As will be discussed later, the light gave rise to a 
weak photovoltaic current simultaneously with the 
pyroelectric current. The experiments to be described 
were performed at temperatures above the Curie point 
and, because of their different features, it was possible 
to distinguish between the two components of the total 
current produced by the light. Figure 1 shows, schemati- 
cally, the way in which the total current behaved 
during a long (i.e., several seconds) light pulse. Immedi- 
ately on switching on the light a high pulse of current 
could be observed by using the oscilloscope. This current 
decayed with a time constant of the order of a milli- 
second to a value two or more orders of magnitude 
lower than its peak value. The subsequent behavior of 
the current was studied using a sensitive electrometer. 
The current following the initial high peak showed a 
further slow and slight decay, eventually reaching a 
steady value. On turning off the light there was an 
immediate transient current, approximately equal to 
the initial transient in magnitude and duration, but in 
the opposite direction. This brief, high current was then 
followed by a small current that decayed slowly to zero. 

The small steady current is identified as the photo- 
voltaic current while the much larger transient currents 
are pyroelectric in origin. It is theoretically possible for 
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Fic. 1. Schematic diagram showing the time variation of the 
current during a slow light-dark cycle. The pyroelectric and photo- 
voltaic components of the total current are indicated. 


a photovoltaic current to decay to zero if the carriers 
freed by the light become trapped so as to set up a 
space-charge field opposing the field originally present. 
However, one cannot explain by this mechanism the 
high transient current in the reverse direction and the 
return of the crystal to its initial condition simply by 
turning the light off. Strong evidence for the existence 


of the two current components was provided by experi- 
ments in which the spectral quality of the light was 
varied. When the tungsten light was filtered so as to 
allow only wavelengths longer than about 4400 A to 
reach the crystal, the steady current was two or more 
orders of magnitude smaller than the initial peak. Now 
the absorption edge of BaTiO; occurs at about 4100 A. 
Replacing the filter by one absorbing only those wave- 
lengths shorter than 3800 A produced more than an 
order of magnitude increase in the photovoltaic current 
while there was only a very slight increase in the peak 
current. The large increase in the photovoltaic current 
is no doubt due to the liberation of carriers by the short- 
wavelength light but as the total radiated energy falling 
on the crystal does not increase very much when the 
filter is changed, the pyroelectric current likewise shows 
only a small increase. For all the experiments described 
in this paper, the light was filtered so as to allow only 
wavelengths longer than 6100 A to reach the crystal. 
Under these conditions it may be safely concluded that 
the high transient currents are pyroelectric in origin 
and that the current pulses observed when the crystal 
is subjected to chopped light have a completely neg- 
ligible photovoltaic component. 

To follow the pyroelectric current through the Curie 
point as determined by the spontaneous polarization, 
the crystal was first polarized by a static negative 
saturation field (~10 000 volt/cm) at room tempera- 
ture, the field being removed for the experiment. The 


crystal was then slowly warmed, measurements being 
taken of the height of the pyroelectric current pulses 
displayed on an oscilloscope. The behavior of the current 
as a function of temperature is shown in Fig. 2 where 
the current is plotted using two scales in order to make 
clear the readings above the Curie point. The rapid 
increase of the current as the Curie temperature is 
approached is readily explained by the steepening of the 
polarization-temperature curve. As the Curie point in 
barium titanate is a first-order transition, the spon- 
taneous polarization should disappear completely in a 
discontinuous manner. A discontinuity will also appear 
in the slope dP/dT of the curve, while above the Curie 
point, if the spontaneous polarization is zero, the pyro- 
electric coefficient will be zero. Though the discontinuity 
is evident in Fig. 2, it is also clear that an appreciable 
pyroelectric coefficient, and hence a spontaneous polar- 
ization, persists to temperatures well above the Curie 
temperature. This residual polarization was observed 
in all the crystals studied though to varying extent. 
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Fic. 2, The variation with temperature of the pyroelectric 
current due to the spontaneous polarization on raising and 
oareng Se crystal through the Curie point, the crystal having 
been polarized previously at room temperature with a saturation 
negative field. Note the two scales used on the pyroelectric 
current axis. 
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Fic. 3. The pyroelectric signal for the fully polarized crystal 
measured while raising the crystal temperature from 90°C to 
the Curie point plotted against the signals measured while cooling 
over the same temperature range, the crystal being only partly 
polarized while cooling. 


Also shown in Fig. 2 is the pyroelectric signal meas- 
ured while the crystal cooled slowly through the Curie 
point. Above the transition the cooling curve follows 
the points obtained while warming, to within experi- 
mental error. At the transition, the pyroelectric signal 
suddenly increases to an appreciable value and then 
falls off with the temperature in the same way as do 
the points on the “warming” curve. This correspondence 
is made more evident by the roughly linear plot of 
Fig. 3 where the pyroelectric signals obtained while 
warming and cooling are plotted against each other over 
the temperature range 90°C to the Curie point. Thus, 
the net spontaneous polarization of the crystal when 
the domains are partly oriented has the same de- 
pendence on the temperature as when it is fully oriented. 

In Fig. 4 is shown the variation of the pyroelectric 
signal with temperature, both warming and cooling, 
after the crystal had been initially polarized at room 
temperature with a positive saturation field. Up to the 
Curie point, the warming curve behaves in the ex- 
pected manner. At the Curie point, there is a sudden 
discontinuity and a residual pyroelectric signal appears 
but in the reverse direction. On further warming and 
then cooling back through the Curie point, this residual 
pyroelectric signal behaves exactly as it did in Fig. 2. 
Thus, the direction of the current above the Curie 
point appears to be independent of the direction in 
which the crystal was originally polarized at room 
temperature. 

These observations demonstrate that an appreciable 
polarization persists in the crystal well above the Curie 
point, even though no external field is applied. A calcu- 
lation shows that it is quite impossible for the polariza- 
tion to be produced by residual strains in the crystal at 
temperatures of 20°C or more above the Curie point. 
The most plausible hypothesis is that this polarization 
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is caused by space-charge fields inside the crystal. The 
experiments to be described below support this inter- 
pretation and also demonstrate some of the conse- 
quences of the space-charge fields. 


OBSERVED WAVE FORMS 


On going through the Curie point, the wave forms of 
the signals fed into the amplifier undergo considerable 
changes. The light chopper gives rise to trapezoidal- 
shaped light pulses, which in turn, give rise to trape- 
zoidal-shaped pyroelectric current pulses at the source. 
Below the Curie point, these wave forms reach the 
amplifier input without distortion. A typical pulse 
shape is shown in Fig. 5(a). From a few degrees above 
the Curie point to the highest temperatures reached in 
these experiments, the wave form commonly appeared 
as in Fig. 5(b); this is the high transient current dis- 
cussed earlier and it suggests the differentiation of an 
approximately square voltage pulse. Above the Curie 
point, a third type of wave form was frequently en- 
countered ; it is shown in Fig. 5(c). It suggests a com- 
bination of the wave forms in Figs. 5(a) and 5(b). 
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Fic. 4. A plot taken in the same way as that of Fig. 2, the 
crystal having been polarized previously with a saturation posi- 
tive field. 
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Fic. 5. Wave 
forms exhibited 
by the pyroelec- 
tric current sig- 
nal: (a) at tem- 
peratures below 
the Curie point; 
(b) and (c), two 
types of wave 
form observed 
at temperatures 
above the Curie 
point. “On” and 
“Off” refer to the 


light. 
EQUIVALENT CIRCUIT 


To understand these observations, it is necessary to 
consider an equivalent circuit that describes the features 
of the crystal, its barrier layers, and the input im- 
pedance to the amplifier. Assume that at each of the 
two major faces of the crystal a space-charge layer 
exists. Above the Curie point, these layers possess an 
appreciable polarization while that of the bulk crystal 
is zero. An equivalent circuit is shown in Fig. 6. The 
parallel combinations Cg:, Rai, and Cg2, Rzo, represent 
the barrier capacitances and resistances. The parallel 
combination Cx, Rx represents the bulk crystal between 
the space-charge layers. When the crystal is illuminated, 
both barrier regions will act as signal generators but the 
surface facing the radiation will change temperature 
more rapidly than the other barrier and consequently, 
will give, in general, a larger signal. 

Consider first, the signal generated in barrier 1. 
During the light pulse the polarization changes at a 
constant rate. It is appropriate, therefore, to represent 
the signal source as a constant current generator of zero 
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Fic. 6. Equivalent circuits describing the state of the crystal 
above the Curie point: (a) the complete equivalent circuit repre- 
senting barriers at each surface coupled by the bulk capacity of 
the crystal; (b) the reduced equivalent circuit that can be used 
when short pyroelectric current pulses are produced in one 
barrier only. 


impedance in the capacitative branch of the barrier 
equivalent circuit. For short current pulses, the domi- 
nant impedance in the bulk of the crystal and barrier 2 
is either Cx or Cge, whichever is the smaller. It is 
reasonable to assume that Cgo>Cx. Thus, a reduced 
equivalent circuit may be drawn as in Fig. 6(b), where 
C,, R; represent the barrier 1. Let the current generator 
produce a constant current, i, during the light pulse. 
Then, using the notation of Fig. 6(b), we have 


i= is +12, (2) 
i2=dq2/dt, (3) 


1,R\= —gi/Ci=i2R+92/Cx. (4) 


and 


From these equations, 
dq g2 iR, 0 
dt Cx(Ri+R) (Ri+R) 





(5) 


With the condition that g.=0 at ‘=0, the solution of 
this equation is 


t 
2=1R,Cx| 1—exp{ —— ——— Bi. 6 
marr | exp( aoe, ©) 


Thus, during the light pulse, the signal V generated by 
the pyroelectric current is 


RiR t 
v=i( :) exp( -- —). (7) 
(Rit+R) Cx(Ri +R) 


Experimentally, light pulses occur at a steady rate 
and the interval between pulses is not too different to 
the duration of the pulse. Thus, the temperature of the 
crystal reaches a dynamic equilibrium such that the 
rate of warming during the light pulse is not too different 
to the rate of cooling during a dark interval. Thus, 
when the light is cut off, a constant current pulse, —ip, 
is produced, the current flowing in the direction opposite 
to that during the light pulse. This produces a signal, 
Vp, where 


, 


ipR,1R l 
( (8) 


=— —exp{ — —}. 
(Rit R Cx(Rit+R) 
Hence, the complete wave form of the signal fed into 
the amplifier during a light-dark cycle is as represented 
in Fig. 7. Thus, this equivalent circuit gives rise to 
the basic wave form that is observed experimentally. 
The above considerations can be extended to the 
situation where signals are generated in both surface 
layers simultaneously. There are two cases to consider: 
(a) both barriers polarized in the same direction; 
(b) the barriers polarized in opposite directions. Making 
the assumption that Cgi>Cx, as before, it is clear that 
the barrier 2 sees an effective circuit which is identical 
to that seen by barrier 1, a capacity Cy in series with 
resistor R. The signal that appears across R durig an 
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light pulse acting on barrier 2 alone can be written, 
therefore, 


R2R t 
Tae eninge 
(Rit+R2) Cx(R2+R) 
where?’ is the pyroelectric current generated in barrier 2. 
In case (a), the net signal U seen at the amplifier 


input is V+V’ whereas in case (b), U=V—V’. Hence, 
the net signal during a light pulse is 


R t 
v-——_ik em( -——__— ) 
(Rit+R2) Cx(Ri+R) 


t 
+i’R2 exp{ — —)}| (10 
exp( Cx(Ro+R) 


Equation (10) describes the ideal general case of uni- 
form space-charge layers at each electrode. However, 
under most experimental conditions the signal from one 
barrier will completely dominate that from the other. 
This will occur, for instance, when most of the incident 
energy is used up near the surface of the crystal that 
faces the light. Alternatively, a barrier may exist at one 
surface only, or more generally, it may be much more 
extensive at one surface than the other. In these cases, 
the signal is adequately described by an equation of the 
form of (7). 

The wave form is more complex if the two barriers 
give rise to comparable signals. Not only does the 
signal depend on whether the two currents are in the 
same or in the opposite direction, but it also depends on 
the relative magnitudes of R;, Re, and R. If Ri and R, 
are small compared to R, Eq. (10) then takes on the 
form of (7). However, this approximation may not be 
always a good one in practice. 

There remains the third wave form of Fig. 5 to be con- 
sidered. Strong space-charge fields at the two surfaces 
of the crystal will produce, in general, a field over the 
bulk of the crystal. Two possible potential distributions 
are indicated in Fig. 8. The field over the bulk of the 
crystal will be weak compared with the barrier fields, 
but just above the Curie point it will possess an appreci- 
able polarization owing to the high polarizability of the 
medium. Thus, a pyroelectric signal will be produced in 
the bulk of the crystal, that is, in the equivalent 
circuit Cx, Rx. Owing to the high barrier capacities, 
the signal will appear as a square voltage pulse rather 
than in the differentiated form. Again assuming the 
most likely situation where the signal from one barrier 
is much greater than that from the other, the net 
signal is now the summation of a square voltage pulse 
and an exponentially decaying signal. From Fig. 8 it is 
clear that the signals arising in barrier 1 and the bulk 
crystal can be in opposite directions and thus the 
resultant wave form will be like that shown in Fig. 5(c). 

Therefore, the equivalent circuit that has been used 
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Fic. 7. Wave form to be expected for short pyroelectric current 
pulses produced in either barrier alone, based on the equivalent 
circuit of Fig. 6(b). 


is capable of explaining the various wave forms ob- 
served and at the same time, the circuit applies to a 
realistic model for the crystal with space-charge barriers. 
A closer comparison was made as follows: From Eq. (7) 
the signal seen by the amplifier decays with a time 
constant, 7, of Cx(Ri +R). Thus, if Ri<.R, 7 is a linear 
function of R. Measurements were made of 7 as a 
function of R over as wide a range of R as possible. The 
lower limit of R was governed by the decrease in ampli- 
tude of the signal; the upper limit was the amplifier 
input impedance. The results are plotted in Fig. 9, 
where it will be noted that, to within experimental error, 
r varied linearly with R, as predicted. The slope of the 
line gives Cx, the effective bulk capacity of the crystal. 
The value of Cy was ~1700 uuf. The capacity of the 
crystal at the same temperature was measured using a 
General Radio capacity bridge and applying only a 
small signal to the crystal. This gave a value of about 
1300 puf. In view of the uncertainties involved, this 
figure is felt to be in satisfactory agreement with that 
of Cx, the capacity in the interior of the crystal. 
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Fic. 8. Indicating the manner in which space-charge fields at 
the surfaces may give rise to a field in the interior of the 
crystal. 
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Fic. 9. The time constant for decay in the wave forms of type 5(b) 
plotted against the input resistor. 


Furthermore, the capacity at the same temperature 
was calculated assuming a dielectric constant of 8000, 
the crystal having a thickness of 4.5 10-* cm and the 
electrode diameter being 0.9 mm. These figures give a 
value of 1000 uyf for the capacity, again in reasonable 
agreement with the above values. When R=0, the time 


constant t9>=CxR,. From Fig. 9, ro>=270u sec. Putting 
Cx=1700 ppf, this gives R;, the effective barrier re- 
sistance as measured by dc, a value of 1.6105 ohms. 
If the barrier conductivity were known, its thickness 
could be determined. If one makes the admittedly crude 
assumption that the barrier conductivity is comparable 
to that of the crystal as a whole, the latter having been 
measured to be about 3X 10-* mho/cm at the tempera- 
ture of the above experiments, the barrier thickness is 
estimated at ~3X 10-5 cm, which is a not unreasonable 
value. 

From the experimental results and discussion given 
above, it is concluded that the existence of space charge 
layers in the crystal above the Curie point has been 
demonstrated. Next, it was of interest to study in more 
detail the effect of temperature on the space charge 
layers. 


TEMPERATURE VARIATION OF BARRIER-LAYER 
PYROELECTRIC CURRENTS 


If the distribution of charges responsible for the 
potential barriers can be altered in any way, the barrier 
pyroelectric signal should show a change. An obvious 
line to follow was the effect of raising the temperature 
considerably above the Curie point. 

The variation of the pyroelectric signal with tem- 
perature is shown in Fig. 10. The points represent the 
height of the initial peak in wave forms of the type 5(b). 
Referring to Eq. (7), at t=0, this peak height is pro- 
portional to the true pyroelectric current, i. On the 


temperature scale of Fig. 10 the Curie point occurred 
just below 105°C. Immediately above the Curie point, 
the signal started at its highest value. As the tempera- 
ture increased up to 134°C, the signal steadily de- 
creased. On cooling again to the Curie point, the signal 
showed a smooth increase but along a much lower path 
to that while warming. On raising the crystal tempera- 
ture to 152°C, the signal again steadily decreased. 
Holding the temperature steady at 152°C for half an 
hour resulted in a further decay of the signal. On sub- 
sequent recooling to the Curie point, the signal followed 
a much lower path. Thus, it is clear that the situation 
that produced the pyroelectric signal was largely 
“annealed out” of the crystal by the temperature 
cycling. It is reasonable to assume that during the 
annealing process, the cubic phase in the interior of the 
crystal grows at the expense of the tetragonal phases of 
the surface layers. Thus, the thickness of the barrier 
is decreased by the annealing. This decrease can be 
represented in Eq. (7) by a decreasing value of the 
barrier resistance R; and it is clear that as R, decreases, 
the signal height also decreases. As R is greater than Rj, 
in general, the annealing does not produce any great 
change in the time constant. 

Though the barrier thickness is decreasing during 
the annealing, the space-charge potentials will remain 
roughly the same. Thus, the field in the barrier increases 
though this is not expected to affect the amplitude of 
the signal to any great extent, particularly for such high 
fields and at temperatures well above the Curie point. 
The space-charge field acting on the cubic phase in the 
bulk of the crystal will vary only slightly during the 
annealing. Consequently, at all stages of the annealing, 
an approximately constant square voltage pulse will 
appear at the amplifier input due to the pyroelectric 
signal generated in the cubic phase. Before annealing, 
the signal produced in the barrier may be considerably 
larger than that produced in the bulk and consequently, 
the signal has a wave form very much like Fig. 5(b). 
After annealing, only the signal produced in the bulk 
of the crystal will be present and consequently, the 
signal observed will be a square pulse. This transforma- 
tion in the pulse shape during annealing was observed 
experimentally and thus provides further evidence for 
the above model of the crystal. 


RECOVERY OF BARRIER LAYER SIGNAL 


After annealing above the Curie temperature, the 
crystal was cooled to room temperature at which a 
strong field was applied for several minutes. After 
removing the field, the crystal was taken to above the 
Curie point again and it was observed that the crystal 
behaved as if it were still annealed. This was verified 
over several runs, and in no case was it found that a 
field applied below the Curie temperature noticeably 
undid the effect of the annealing. This was true for 
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either sign of the field and for application times of up 
to 30 minutes at temperatures lower than 85°C. 

If, after annealing, a field was applied to the crystal 
at a temperature above the Curie point, the barrier 
signal was recovered. That is, after applying the field 
for a short period and then removing, it was found that 
the signal was returned to its original amplitude and 
shape. The time factor in the field application was 
relevant as the recovery of the barrier signal exhibited 
an appreciable relaxation time depending primarily on 
the field strength. Or removing the field, there was 
again an appreciable time lag before the field-induced 
pyroelectric signal decayed leaving only the barrier 
pyroelectric signal. The barrier signal was recovered 
for either direction of the field but, surprisingly, the 
sign of the barrier signal was independent of the sign 
of the field. Furthermore, the application of the field 
did not affect the sign of the square pulse obtained from 
the pyroelectric signal generated in the bulk of the 
crystal. In terms of the model used above it would seem 
that the effect of the field, whatever its sign, was simply 
to increase the barrier width while not affecting the 
direction of the barrier field. More detailed investiga- 
tions would be required to fully explain this behavior, 
though it is possible that the main role of the applied 
field in recovering the barrier signal is to apply a stress. 
In this case, the effect would be the same for either 
direction of the applied field; the resulting strains could 
cause the barrier region to grow at the expense of the 
cubic phase. 

It was verified that the cycle of annealing and 
recovery of the barrier signal could be repeated in- 
definitely. This behavior was observed qualitatively in 
several crystals, though it varied considerably in degree. 
In some crystals the annealing was quite rapid at tem- 
peratures only a little above the Curie point while in 
other crystals, prolonged heating at a temperature of 
about 170°C was required to effect any annealing. 


CAPACITY MEASUREMENTS DURING ANNEALING 


The capacity of the crystal as a whole was measured 
at 1 kc/sec during the annealing process. First, at a 
temperature just above the Curie point, the barrier 
pyroelectric signal was obtained by applying a strong 
field for a minute. After removing the field, the capacity 
of the unit was measured while the temperature was 
raised slowly to 170°C. After holding the crystal at this 
temperature for half an hour, the temperature was 
slowly lowered, capacity readings again being taken. 
To within experimental error, the readings repeated 
those taken while warming. Having regained the original 
temperature just above the Curie point, a check on the 
pyroelectric signal showed that annealing had taken 
place. The temperature being held steady, a field was 
applied to regain the barrier signal. Again there was no 
appreciable change in the capacity. These observations 
tend to confirm the equivalent circuit model, since’the 
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Fic. 10. Variation of the pyroelectric current with temperature 
cycling above the Curie point. The data demonstrates the anneal- 
ing effect that takes place. 


annealing affects the barrier capacities rather than the 
bulk capacity. 
PHOTOVOLTAIC EFFECT 


As already discussed, a weak photovoltaic effect was 
found to occur with the barrier pyroelectric signal. That 
is, with no field applied to the crystal, a steady photo- 
current could be drawn. At a temperature just above 
the Curie point, a field was applied so as to produce the 
barrier pyroelectric signals. On removing the field, the 
crystal was illuminated with light of wavelengths longer 
than 6100 A and steady currents were obtained. 

Measurements were made of the photovoltaic current 
and the barrier pyroelectric current as the crystal was 
put through an annealing cycle. A field was applied to 
the crystal for a minute at a temperature just above the 
Curie point. Afterwards, the crystal temperature was 
raised slowly up to 160°C where it was kept for 15 
minutes before cooling, measurements again being 
taken. During this cycle alternate readings were taken 
of the photocurrent, using a dc electrometer, and the 
pyroelectric signal measured on the oscilloscope. The 
results are shown in Fig. 11. It will be noted that the 
two currents show much the same behavior through the 
cycle. 

The occurrence of a photovoltaic effect is further 
direct evidence of the presence of potential variations 
through the crystal. From the parallel behavior of these 
currents and the pyroelectric currents as shown in 
Fig. 11, it is concluded that the photovoltaic effect is 
directly associated with the barriers responsible for the 
pyroelectric signals, though it is not proposed to discuss 
any detailed mechanism here. 


EFFECT OF BARRIER LAYERS ON NET 
POLARIZATION OF THE CRYSTAL 


It was pointed out in connection with Figs. 2 and 4 
that when the crystal was cooled through the Curie 
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Fic. 11. The photovoltaic current plotted with the pyroelectric 
current as the crystal was taken through an annealing cycle. 
The current scales have been roughly normalized. 


point with no applied field, a pyroelectric signal ap- 
peared whose amplitude was a large percentage of that 
obtained when the crystal was completely polarized 
in one direction. Ideally, these crystals possess very 
iarge numbers of c-domains which can orient them- 
selves in either of the two directions. If there is no 
Interaction between domains and no other influences 
present, it is clear that on cooling through the Curie 
point, the general result will be that approximately 
equal numbers of domains line up in opposing direc- 
tions. In this case both the net polarization and 
pyroelectric current will be zero. It would take an im- 
possible statistical fluctuation to give rise to, repro- 
ducibly, the pyroelectric currents observed. It is clear, 
then, that the direction in which the domain polarizes 
must be biased in some way. It is reasonable to associate 
this bias with the presence of the barrier layers. 

Some experiments were made to see whether this 
“built-in” bias could be changed. The method was 
primarily that of measuring the pyroelectric currents 
just above and just below the Curie point as the crystal 
temperature was alternately raised and lowered through 
the transition. An electric field was applied, when de- 
sired, while the crystal was several degrees below the 
Curie point and its effect, if any, on the pyroelectric 
signals at the transition was noted. At the same time, 
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Fic. 12. The me of domain pattern that appears when the 
crystal is cooled t «aie the Curie “ogee with no field applied, 
as deduced from observations of the pyroelectric signals and 
Barkhausen pulses that appear at the transition. 








the signs of the “Barkhausen-type” pulses at the transi- 
tion were noted. These pulses occur when the domains 
spontaneously polarize or depolarize. In Table I is 
summarized some typical data. It will be noted that 
after positive voltages were applied, the pyroelectric 
signal on warming through the Curie point averaged 
around +100 while after negative fields it averaged 
about the same value in the opposite direction. This is 
the behavior to be expected if saturation polarization 
is attained by the applied field. However, no matter 
what the sign or magnitude of the field, the pyroelectric 
signal that appeared on cooling through the transition 
was always around —45. Thus the application of fields 
below the Curie point did not appear to affect the 
orientation bias in the crystal. This compares with the 
ineffectiveness of such treatment for recovering the 
barrier layer pyroelectric signals. Similar results were 
found to hold for several crystals though there were a 
few exceptions where it was sometimes possible to 


Taste I. The behavior of the pyroelectric signal and the 
Barkhausen-type pulses at the Curie transition after applying 
various fields to the crystal at temperatures below the transition. 
The pyroelectric signal recorded while warming and cooling 
through the Curie point is its maximum value immediately below 
the transition. 
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+105 —35 
+ 90 —45 
+100 —45 
— 105 —45 
— 100 ~—5O 
+110 —30 
+100 —40 
— 95 —40 
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below T- 





+20 
+20 
+20 
—20 
—20 
+200 (13 hr) 
+200 (14 hr) 
—200 








affect the bias by means of applied fields. Also recorded 
in Table I are the signs of the Barkhausen pulses ob- 
served on cooling through the Curie point. Those 
crystals which showed a pronounced bias in the direc- 
tion in which they polarized exhibited Barkhausen 
pulses almost entirely of one sign. Certainly the ratio 
of positive to negative (or vice versa) pulses was greater 
than 100:1. This asymmetry was interpreted as indi- 
cating that a considerable number of a-domains was 
created on cooling while the rest of the crystal consisted 
of c-domains oriented all in the same direction, as 
shown in Fig. 12. In this way one can account for the 
reduction in the net pyroelectric signal compared with 
its value when the whole of the crystal is c-domained 
and polarized in one direction. Furthermore, the spon- 
taneous formation of the configuration of Fig. 12 will 
give rise to Barkhausen pulses of one sign only. An 
additional check was made by examining the crystals 
in polarized light after cooling; large numbers of 
a-domains were found to be present even though the 
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crystal was mostly c-domained before warming. The 
foregoing electrical measurements thus confirm the 
well-known domain patterns that have been observed 
by optical means. 

Some observations were made on one crystal to see 
whether annealing it affected the way in which it 
polarized on cooling. The pyroelectric signal was noted 
on cooling both before and after an annealing treatment. 
It was found that the annealing did, in fact, reduce the 
size of the signal by a factor of about 3. Also, after 
annealing, about equal numbers of positive and nega- 
tive Barkhausen pulses were observed, suggesting that 
the crystal was approximating a c-domain distribution 
with a zero net polarization. 


ASYMMETRICAL HYSTERESIS LOOPS 


It has been shown elsewhere that when the field 
applied to the crystal is cycled between suitable limits 
the pyroelectric current follows a hysteresis loop.? In 
general, these loops are found to be considerably asym- 
metrical with respect to the origin of the axes. Not only 
is the coercive force different in the two directions, but 
so is the “remanent”’ pyroelectric current at zero field. 
Such a loop is shown in Fig. 13. The presence of space 
charge layers provides a ready explanation for this 
effect. Suppose the space charge produces a field, E,, 
over the bulk of the crystal. The field in the barrier is 
much higher than the fields, Z, applied externally to 
the crystal so that the direction of polarization of the 
barrier layer remains fixed. If the true coercive force 
for the crystal is E,, the external field required to switch 
the interior of the crystal will be Z.+£, and thus will 
be different in the two directions. This accounts for 
the asymmetry along the field axis. Similarly, the net 
pyroelectric signal depends on the algebraic sum of the 
contributions from the regions polarized in different 
directions. The barrier layer signal approaches the 
square wave form at room temperature since, as has 
been determined experimentally, the resistivity of the 
crystal (and therefore R;) is of the order of a thousand 
times its value above the Curie point, while the capacity, 
Cx, varies by somewhat less than two orders of magni- 
tude. If the barrier layer contributes a signal Ig while 
the bulk of the crystal contributes a signal /x, the net 
signal will be Js+Jx, depending on the direction of 
polarization of the bulk of the crystal. This will account 
for the asymmetry of the loop along the pyroelectric 
current axis. 

It has been noted above that the relaxation time for 
adjustment of the space-charge fields varies consider- 
ably from crystal to crystal. In some crystals space 
charge fields can be set up quite rapidly even at room 
temperature; this leads to the following behavior. At 
positive saturation fields the pyroelectric current signal 
is in the positive direction. Normally, on removing the 
field, the pyroelectric current remains about the same 
due to the remanent polarization at zero net field. If, 
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Fic. 13. Asymmetrical hysteresis loop as determined from 
pyroelectric current measurements. 


however, a positive field very much larger than the 
coercive field is applied for a few minutes and then re- 
moved, the pyroelectric signal swings over into the 
negative direction. This can occur only if, on removing 
the external field, there remains a net negative field. 
Thus, while the high positive field is applied, an 
opposing space charge field builds up in the crystal. 
If this space-charge field is greater than the coercive 
force it is able to switch the domains when the positive 
field is removed, thus causing a change in the sign of 
the pyroelectric current. The space charge fields set up 
in this way were not very stable, usually decaying to 
zero in a few minutes at room temperature. This be- 
havior is portrayed in Fig. 14. After applying +20 
volts to the crystal for 15 minutes, the voltage was 
dropped to +15 followed by a point-by-point plot of 
the pyroelectric signal as the field was cycled to —15 
volts and back. The whole cycle took about 10 minutes. 
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Fic. 14. Hysteresis loop traced in the “reverse” direction -due 
to the action of space-charge fields induced: by the application of 
strong external fields. 
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It will be seen that as the positive voltage was reduced 
the pyroelectric signal swung negative before the field 
reached zero. Thus, at this stage the space-charge field 
was still sufficient to switch the crystal. Proceeding to 
negative fields, the pyroelectric signal saturated in the 
negative direction. On reducing the negative field, the 
crystal again switched before the field reached zero, 
indicating that the negative field had replaced the 
original space-charge field by one in the opposite direc- 
tion. In this way the crystal could be made to behave 
as if it traced its hysteresis loop in the reverse direction. 
This behavior was verified in several crystals where it 
differed only in scale and in relaxation times. 


CONCLUSIONS 


The occurrence of small pyroelectric signals at tem- 
peratures well above the Curie point indicates that the 
crystal remains polarized, at least, in some regions. 
This polarization is believed to be due to a space-charge 
field residing at the surface layers of the crystal. The 
pyroelectric signals generated in these layers are coupled 
to the amplifier, in effect, by the bulk capacity of the 
crystal. Under certain operating conditions this coupling 
gives a distorted rendering of the square current pulse 
as produced at the source. An equivalent circuit is 
proposed which proves useful in the interpretation of 
the wave forms observed and for understanding the 
state of the crystal. 


The magnitude of the pyroelectric effects due to the 
barrier fields varied considerably from crystal to crystal 
though the effects were present in all crystals investi- 
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gated. Often the barriers could be modified by suitable 
heat treatment but were returned to their original 
condition when fields were applied above the Curie 
point. 

From the experiments described in this paper, no 
information can be gathered on the nature of the 
potential barriers. It is not known, therefore, whether 
the barriers arise from impurity ion distributions or 
from trapped electrons or positive holes. 

On cooling the crystal through the Curie point, the 
pyroelectric signals indicate that the crystal usually 
shows a decided bias for the direction in which it 
polarizes. This bias persists at room temperature and is 
probably responsible for the fact that the pyroelectric 
hysteresis loops are almost always asymmetric in both 
current magnitude and applied field. It is apparent 
that such biasing fields in crystals above the Curie 
point will influence electrical measurements of the 
dielectric constant and associated parameters. This may 
explain some of the difficulties that have been en- 
countered by other workers when making capacity 
measurements above the Curie point. Yet another 
effect of the biasing fields will be to cause an apparent 
shift in the Curie temperature; it will show variations 
from crystal to crystal owing to the varying space 
charge field strengths. If these are strong enough, the 
crystal may appear to go through a second-order type 
of transition at the Curie point. Finally, it is to be 
expected that the barrier layers at the surface will have 
some bearing on the way in which new domains nucleate 
when the crystal is being switched. 
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Classical magnetoionic theory is used for calculating the absorption of microwaves in bismuth in the 
presence of a dc magnetic field. The detailed calculations are based on the models of the energy surfaces 
in momentum space for holes and electrons obtained from de Haas-van Alphen and galvanomagnetic 
experiments. Expressions are derived for the conductivities and resonance masses. Numerical computations 
of absorption vs magnetic field are made using the data from Shoenberg’s de Haas-van Alphen experiments 
for the masses of the electrons. Since some of the experimental data for the holes is incomplete, the analysis 
takes this into account through the use of several choices of hole masses. The results are compared with 
those of preliminary microwave experiments. The limitations of the analysis, which neglects the anomalous 
skin effect and possible anisotropy of scattering, are discussed. 





I. INTRODUCTION 


HE de Haas-van Alphen experiments! and recent 
work on galvanomagnetic effects? in bismuth 
have indicated that the energy surfaces for holes and 
electrons in bismuth are two families of ellipsoids. 
Recent microwave measurements on cyclotron absorp- 
tion in bismuth** have presented preliminary data 
which have not as yet been interpreted quantitatively. 
It is the object of this paper to take two sets of energy 
surfaces adapted from the de Haas-van Alphen and 
galvanomagnetic results and, using reasonable assump- 
tions of scattering, attempt to fit the data of the 
microwave experiments. We shall endeavor to point 
out the difficulties encountered in applying the classical 
magneto-ionic theory to account for the resonance 
values reported by the microwave experiments. 

The simplest model, adopted by Abeles and Meiboom? 
to explain their results on Hall measurements and 
magnetoresistance, has been that of an ellipsoid of 
revolution for holes with the major axis along the trig- 
onal axis and a set of three ellipsoids for the electrons. 
One electron ellipsoid has a principal axis along a 
binary axis and another principal axis along the trigonal 
axis; the other two ellipsoids are generated from this 
one by 120° rotations about the trigonal axis. This 
model is essentially a combination of the types of 
energy surfaces proposed by Jones® and Blackman.! 
We shall refer to it as the A-M model. 

A second model consists of a combination of a single 
ellipsoid of revolution for holes and a set of three 
inclined ellipsoids for the electrons as proposed by 
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Shoenberg' to explain his de Haas-van Alphen experi- 
ments. One of the inclined ellipsoidal surfaces can be 
represented in k-space by the energy-momentum 
relation 


E=$h(ank?P+ark?+ arskokstassk3*)/m, (1) 


where subscripts 1, 2, and 3 refer to the binary, bi- 
sectrix, and trigonal axes, respectively. The a’s are 
dimensionless constants and m is the free electron mass. 
Again there are two more such ellipsoids to give 120° 
rotational symmetry about the trigonal axis. This 
second model of Jones and Shoenberg will be referred 
to as the J-S model. 

Although the A-M model explains the galvanomag- 
netic measurements satisfactorily, an interpretation 
based on the J-S model is still possible. Since Abeles 
and Meiboom do not report longitudinal magneto- 
resistance measurements along the trigonal axis, the 
J-S model, which would predict the presence of longi- 
tudinal magnetoresistance in this direction, is not ruled 
out. It should be added that the two models do not 
differ very greatly from one another since the ellipsoids 
of Shoenberg are tilted out of the trigonal plane only 6°. 


Il. THEORY 
A. Electromagnetic Problem 


In the microwave experiments, a polished face of a 
single-crystal surface was effectively made an integral 
part of one wall of a cavity. It can be shown that the 
absorption of energy by the sample in the cavity can 
be treated by evaluating the real part of the Poynting 
vector of a plane wave normally incident on a semi- 
infinite slab of metal. To do this one must solve the 
appropriate boundary value problem. Since this is not 
the object of this paper, and the problem has been 
treated elsewhere,® we shall simply give the result for 
a metal: 


P/Po=4880/ (o? +6"), (2) 
where P is the power absorbed in the metal and Py is 


* B. Lax and Laura M. Roth (to be published). 
715 





716 LAX, BUTTON, 
the incident power. The propagation constant in the 
metal is !=a-+ 78 and p is the value of the propagation 
constant in free space. The components of I’ can be 
readily evaluated from the general dispersion equa- 
tion®.7 


T?= —weuot jumorert, (3) 


where w is the angular frequency of the rf field and e 
is the dielectric permittivity of the sample. 

oett IS a combination of the conductivity tensor 
components appropriate to the particular configuration. 
For convenience, we shall restrict our detailed treatment 
to conductivity tensors of the form 


Css Cx, 0 
T= |%y2 Ty 0 |, 
| om 


where a dc magnetic field is applied along the z-direction. 
When the magnetic field is perpendicular to the surface 
of the sample, oe; takes the form for a metal 


Test Cyy Orr Tyy . i 
1.= | ( ) tone . (4) 
2 2 





where the positive and negative signs refer to the two 
contrarotating elliptically polarized plane waves. When 
the magnetic field is parallel to the surface of the metal, 
the effective conductivity is given by 


Oy > Crz— (Cryyz, lo yy) (5) 


where the x-axis lies in the plane of the surface. This 
particular value of o,, corresponds to the elliptically 
polarized wave where the plane of polarization is 
perpendicular to the magnetic field. 

Since the conduction current is much greater than 
the displacement current in a metal at reasonable 
values of magnetic field, Eq. (3) can be rewritten 


l= jupo(or— joi), (6) 


where a, and o; are the real and imaginary parts of ceg;. 
If we substitute the result of Eq. (6) into Eq. (2), we 
can show that the power absorbed is proportional to 
the following (neglecting factors which do not depend 
on the magnetic field) : 





P | 1 0; ] 
Po (o?+0,7)! of+o? 


B. Conductivity Tensors 


We shall derive the conductivity tensor components 
for the single and the three ellipsoid models using the 
tilted ellipsoids of Shoenberg for the electrons. The 
mass tensor of one of the tilted ellipsoids, normalized 


7 B. Lax and Laura M. Roth, Phys. Rev. 98, 548 (1955). 
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by the mass of the free electron, may be represented by 


my, 0 0 
M/mM=|0 me ma), 
0 Ms, M3 


(8) 


where axes 1, 2, and 3 are the binary, bisectrix, and 
trigonal axes, respectively. The A-M model can be 
represented by letting m,=0. The other two ellipsoids 
have mass tensors m,/my and m,/mo derived from Eq. 
(8) by the two transformation matrices 


-1 s4v3 0 
S,,e=4)FV3 -1 0}. (9) 
0 0 2| 


If one carries out the solution of the equation of 
motion using the resultant mass tensors, one obtains 
the following expressions for the conductivities (see 
Appendices I and II) when the magnetic field B is 
taken along one of the three principal axes: 


B Along Trigonal Axis (Axis 3) 
31/00 022/00= (1/2A)[(mit+-me)ms— me], 
o12/00= —o2/oo=bm3/A, o33= (1/A)(mym.+0"), (10) 
Ag=A,=A,= A=mymym3;— mym2+m;b'. 
B Along Binary Axis (Axis /) 
nace 


—=1/3m,+ (2/3A 


g0 





(3my-+m2)m3—m?e 
| “+, 





22 «MyMs [ee] 


Te. She Shy 4 


733 MMe 2myme 


ot i aie 


(11) 


2 (my+3m:2)  mymg 
(ay 
3Aq 3A, 4 2 


“rm +( 2 = mn] 
3A, 3a.JL 2 4 


A= m,(mom3;—m2+b*), 


m(b— m4) 
kt gga i aan 


—_—: 


Ap=A.=mymym3— mym e+ 4b? (mi+3m2). 


400 600 800 1000 
MAGNETIC FIELD, H (oersteds) 


1200 


Fic. 1. Experimental trace of the derivative of absorption vs B, 
when the magnetic field is applied in the trigonal plane parallel 
to the binary (axis 1). (From the data of R. N. Dexter taken at 
1.3°K and 23 000 Mc/sec.) 
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B Along Axis 2 


O11 1 2 (31+ m2)m3— me 
Soh an(2 
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bm, 26 /3mi+me 
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O12= —o12= —bm,/A,, 


Mmm, MyM, 
23> 032> ’ 


SA 2a 
Ag=mmom3— myme+myb*, 
Ay=A.= mymom3— myme+3 (3mi+mye)b*, 


where b=eB/[(v+ jw)mo] and oo=mne*/[mo(vt+ jw) ], n 
is the electron density, mo the mass of the free electron, 
v the collision frequency, e the electron charge, and w 
the angular frequency of the rf field. 

To obtain the corresponding tensor components for 
the holes we simply let m,=0, take only the terms 
involving A, with the factor of } omitted, and change 
the sign of b. 


C. Resonances 


One of the simplest applications of the above results 
is to obtain numerical values of the resonance masses 
from the values of the effective masses given by 
Shoenberg. This can be done simply by taking y=0 in 
the expression for b and setting the determinants in the 
denominators of the conductivity expressions equal to 
zero, i.e., Ag=A,=A-=0. When one uses Shoenberg’s 
values! for bismuth of m:=2.4X10-*, m.=2.5, ms; 
=0.05, ms= —0.25, the results become 


B\laxis 3, 


m* = mo (moms— m2)m,/ms |'=0.055mo; (13a) 


B\laxis 1, 


m,*= mo(mom3— m?)i= 0.25mo, 


m,(mem3— m2) }} (13b) 
——-| =0.009m; 


m,*=m,*= 2m 
m+3m2 


IN Bi 


B\laxis 2, 
m,*= mo|_(mom3— m?)m,/ m2 |*= 0.008, 


(13c) 


m,(m2m3— m4’) 
m,* = m,* = 2mo]_ ———————_ 


4 
=0.016mp. 


3m,+me 


Using the foregoing values of effective masses, it is 
not possible to explain all of the lines reported by 
Dexter and Lax,’ assuming that the experimental peaks 
of Fig. 1 correspond to resonance values. Figure 1 
shows a trace of the derivative of absorption dP/dB 
vs B when the magnetic field is in the trigonal plane 
of the sample and parallel to the binary or axis 1. The 
estimated locations of the derivative peaks are at ap- 
proximately 100, 220, and 450 oersteds. From the 
theoretical work on the line shapes of the derivative 
curves® one can estimate from the low field line that 
wr=2 for these carriers. The theory also states that 
the inflection point in the absorption curve or peak in 
the derivative curve is given by 


w®=wtK/r, (14) 


where w,.=eB/m* is the cyclotron frequency, r is the 
collision time, and K is a number of the order of unity. 
Under the conditions of the experiment, the observed 
peaks of Fig. 1 are shifted about 50% above their true 
cyclotron resonance values. Hence, the cyclotron reso- 
nance values for the peaks correspond to about 70, 
140, and 300 oersteds, respectively. At 24 000 Mc/sec, 
the data then yield effective masses of 0.008m, 0.017mo, 
and 0.035mpo. These values lie within the range obtained 
for electrons from Shoenberg’s data.’ 

Dexter and Lax have also reported preliminary ob- 
servations for B perpendicular to the surface where the 
surface of the crystal is a trigonal plane. The two peaks 
reported at 150 and 500 oersteds correspond to effective 
masses of approximately 0.01mp and 0.04mp. The larger 
value is of the order of magnitude predicted for elec- 
trons by Eq. (13a). However, agreement in this single 
case could be fortuitous. Moreover, the reported values 
obtained by linear polarization® and circular polariza- 
tion‘ methods in this configuration have not yet been 
reconciled. A combination of the circular polarization 
and inflection point techniques should prove useful in 
separating the contributions of the holes and electrons 
to cyclotron absorption and should simplify the inter- 
pretation of the data. 


D. B Perpendicular to the Surface 


Using circular polarization with B perpendicular to 
the surface of a sample containing electrons only, one 
obtains a single, nonresonant absorption curve similar 


8M. Tinkham, Phys. Rev. 101, 902 (1956) has attempted to 
interpret the peaks of Fig. 1 along lines similar to those outlined 
here. However, his speculation on the orientation of the magnetic 
field with respect to the crystalline axes was incorrect. 
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ABSORPTION COEFFICIENT (orbitrary units) 


-10 -8 6 -4 “2 ° 2 ‘ 
Hye X10 (oersteds) 


Fic. 2. Absorption vs de magnetic field for circularly polarized 
radiation incident on the trigonal plane of bismuth at 4.2°K. 
These data were taken at 24000 Mc/sec. The vertical scale is 
only approximately linear. The magnetic field is normal to the 
trigonal plane. Zero absorption is somewhere below the axis of 
abscissas (after Galt et al.). 


to those discussed by Dresselhaus, Kip, and Kittel,® 
Anderson,” and Dexter and Lax* with an inflection 
point at a negative value of B. Similarly, for holes, one 
obtains a nonresonant absorption curve with an inflec- 
tion point at a positive value of B. For an intrinsic 
sample with equal numbers of holes and electrons, the 
combination of carriers produces a minimum in the 
vicinity of B=0. In impure samples having a majority 
carrier, the situation is more complex, as indicated by 
the results of Galt and co-workers (see Fig. 2) who used 
a sample having an excess of holes. Their interpretation 
of a minimum near B=0 as a true cyclotron resonance 
is questionable. 

To analyze such an experimental curve on a quanti- 
tative basis, we have carried out a series of calculations 
for the appropriate configuration, using the J-S model, 
and the results of Eqs. (7) and (10). The expression for 
the complex effective conductivity for the combined 
holes and electrons becomes 


Cg 4(ri+r2—re/rs) (1+ jor) — fer 


oh Vm? (1+ jwr)?*+w27? 





(15) 


+—————_-. 
1+ j(w—w,)r 


Here it has been assumed that the scattering time 7 is 
isotropic and the same for both holes and electrons. 
This assumption may not be justified but it will be 
used as a reasonable first approximation. In Eq. (15), 
o,=n,er/m,, where m, is the hole concentration and 
m,, the effective mass of holes in the trigonal plane; 
we=eB/m,; R=n,/m, is the ratio of electron to hole 
concentration; 71, 72, 73, and r, are the ratios of the 
electron mass tensor components to m, and rp, 


® Dresselhaus, Kip, and Kittel, Phys. Rev. 100, 618 (1955). 
” P. W. Anderson, Phys. Rev. 100, 749 (1955). 
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= mo{[(m/ms) (myms—m?) ]}*/m, is the ratio of the 
resonance mass for electrons, with B along the trigonal 
axis, to that of holes. The real and imaginary parts of 
the effective conductivity evaluated from Eq. (15) 
become 
Or 1 gue trall! +N?) ]—2r,2N x 
oy 14(N—x)?— [x2+re2(1—N) P44 tN?” 
CO; N-x 
age 1+ (N—x)? 

pera +N?) —27)+17,2(1—N?)x+23 


(x2++-9_2(1—N2) P+ 47? 








where x=w.7, N=wr and r’=4f9r1+9r2— (r2/r3) J. 

Since we are going to plot the power absorption as a 
function of magnetic field for both negative and positive 
values of x, the adjustable parameters that remain are 
the relative concentration R, the value of N which 
depends on scattering, and the mass of the hole. The 
mass of the hole is taken to be one of the adjustable 
parameters because no completely reliable measurement 
of m, has been made for B along the trigonal direction. 
The masses of the electrons are those of Shoenberg. 

Figure 3 shows a plot of the power absorption vs wer 
for several values of R, with wr=2 and m,=0.035mo. 
For R=1, which corresponds to intrinsic bismuth, the 
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Fic. 3. Absorption vs wr for wr=2 with B perpendicular to 
the surface of the sample [computed from Eqs. (7) and (16)]. 
The isotropic hole mass was chosen to be 0.035mo and the masses 
of the electrons are those of Shoenberg. The solid curve shows 
the result for an intrinsic sample and the others represent an 
excess of holes to electrons in the ratios indicated. 
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absorption curve shows the typical increase as a function 
of magnetic field, the holes being primarily responsible 
for the absorption for positive x and the electrons for 
negative x. When the concentration is unbalanced as 
for R=}, we obtain a curve similar to that obtained by 
Galt and co-workers with a peak for negative values of 
the magnetic field, corresponding to a minority concen- 
tration of electrons. Curves of this type were obtained 
with the use of the A-M model and also with two 
isotropic carriers of opposite charge. Figure 4 shows 
another family of curves for different values of wr with 
R=} and the same value of m,. The peak of the 
minority carrier shifts to the left with increasing wr. 
Figure 5 illustrates the effect of changing the value of 
my. The general appearance of these curves resembles 
that of Fig. 2 


E. B Parallel to the Surface 


When the magnetic field is parallel to the surface of 
the sample, then the effective conductivity is given by 
Eq. (5). The particular orientation which has been 
found to be most convenient experimentally is that 
which exposes the trigonal plane. If we then select the 
magnetic field parallel to the binary axis, the effective 
conductivity, using Eq. (11), becomes 


(o32023/033) (17) 
_ Demat (mit ma) ma me \+3(mi+3me)b 


mel m(myms— mz) +4 (3mi+ m2) 6 | 


Tu>=722— 





ao. (18) 
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Fic. 4. Theoretical curves of absorption vs wer for different 
values of wr and a relative concentration of holes to electrons of 
4 to 1. The other parameters are the same as in Fig. 3. 
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Fic. 5. Theoretical curves of absorption vs w.r with the mas s 
of the isotropic hole as a parameter. Computations were carried 
out with wr=2 and an excess of holes of 8 to 1. 


This result indicates that an extrinsic sample, con- 
taining primarily electrons, will show only one singular- 
ity at m* = 2mol.m, (mgm3— m¢)/ (3m,-+mz) |= 0.016mo, 
rather than the two one would expect in the usual 
resonance experiment. 

The situation becomes even more involved when one 
considers both holes and electrons simultaneously. The 
problem has been carried out for a pure intrinsic sample 
using the J-S model. The resonance denominator, when 
equated to zero, can be written approximately as 


b+ (4/ma) (mems—m_?) (m+ ims’) +imems'ms’ |? 
+ (4me'm,/m2?) (mams— m2) (2myns—me)=0 (19) 


where the primed quantities refer to holes.” 

This is obtained by making use of the fact that 
m2>>m,, m2’. This makes it convenient to evaluate the 
resonance masses which become approximately 0.06mo 
and 0.01m. The value of (m2'm;’)'~0.04 was esti- 
mated from the microwave measurements” and my’ 
=0.02 was estimated from Abeles and Meiboom as- 
suming r isotropic for holes. Since a reliable experi- 
mental value of mz’ is unavailable, it was estimated in 
this manner. The values of the effective masses in this 
case do not agree with those obtained previously from 
Eq. (13). In addition, instead of three resonance masses, 
we obtain ‘wo. This appears to contradict the results 
of the microwave experiments for pure bismuth. 


ul em Bo is the same as m,/mp used previously. 
alsh, Zeiger, Foner, and Powell (unpublished data). 
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Ill. DISCUSSION 


If the classical electromagnetic theory developed in 
this paper and elsewhere®*-” is used to analyze the 
experimental results of cyclotron absorption in bismuth, 
inconsistencies arise even for the preliminary obser- 
vations made to date.’ The authors of this paper 
recognize the limitations of the simple theory which 
has been presented. However, since the field of cy- 
clotron absorption in metals is relatively new, it is 
useful to see just what general features of the experi- 
mental results can be described adequately by the 
classical treatment. 

One of the criticisms of the present approach is that 
it ignores the anomalous skin effect. The existence of 
this difficulty at microwave frequencies and low 
temperatures in bismuth, has been recognized by both 
Anderson” and Dexter and Lax.’ For B parallel to the 
surface, one may speculate on the influence of the 
anomalous skin effect on the results predicted by the 
classical theory. The anomalous skin effect occurs when 
the mean free path of carriers becomes comparable to or 
greater than the rf skin depth. If we assume that the 
electric field has a constant average value over a skin 
depth, then we can approximate the conductivity tensor 
of the carriers by a point relation. Carriers which have 
random velocities nearly parallel to the dc magnetic 
field will interact with the electric field for a normal 
mean free path or mean free time, but those which have 
increasingly larger components transverse to the mag- 
netic field will react for a shorter than normal mean free 
time with the electric field. In essence, the effective 
mean free time becomes a distributed quantity. Hence, 
the conductivity must be appropriately integrated over 
these values of the effective time. The principal conse- 
quence is that the effective conductivity of Eq. (5) for 
the parallel absorption will no longer cancel the reso- 
nance denominators of the components of the conduc- 
tivity tensor. In this case it is possible that the original 
resonance denominators of Eq. (13) should still be 
retained. Nevertheless, these considerations do not 
appear to help in reconciling the microwave data with 
those of the de Haas-van Alphen experiments. 

Another consequence of the anomalous skin effect is 
a change of line shape and width of the absorption and 
derivative curves. It seems clear that the width will be 
increased and the peak of the derivative curve will 
probably shift accordingly. Perhaps the effect on the 
absorption line shape accounts for the difficulty in 
reproducing quantitatively the experimental curve of 
Fig. 2, when the classical theory is used. A solution, as 
given by Azbel’ and Kaganov," for the anomalous 
skin effect with the dc magnetic field perpendicular to 
the surface of a metal may be helpful in this situation. 

One more aspect of the present theory which is 
unsatisfactory is the assumption of isotropic scattering. 


3M. Y. Azbel’ and M. I. Kaganov, Doklady Akad. Nauk- 
(S.S.S.R.) 95, 41 (1954). 
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If one assumes an isotropic scattering time and calcu- 
lates the relative value of the principle effective masses 
for electrons from the galvanomagnetic data of A-M, 
then one obtains values m,:m2:m3~ 1:40: 2. The results 
of the de Haas-van Alphen data, when one ignores the 
slight tilt, give for the principle mass ratios m:mz2:mz 
= 1:1000:10. Since the tilt is only 6°, these numbers 
can be reasonably compared in order of magnitude to 
the ratio obtained from the measurements of Abeles 
and Meiboom. Inasmuch as those ratios do not agree 
very well and the galvanomagnetic measurements give 
results in terms of mobility, i.e., er/m, rather than 
masses directly, it is perhaps of some interest to use the 
apparent difference in the mass ratios to estimate the 
ratio of scattering times for the three principle direc- 
tions. The result becomes 71:72:73 1:25:5. Although 
perhaps these numbers are very approximate, they do 
indicate anisotropic scattering with crystal direction in 
the dc measurements. For the microwave case this 
situation is further complicated by the added anisotropy 
of the effective mean free time imposed by the anoma- 
lous skin effect. 

In summary, one must conclude that neither the 
theory nor the experiments on cyclotron absorption are 
in a sufficiently satisfactory state to obtain a quantita- 
tive analysis of the data on bismuth which have been 
presented so far. Experimental observations of ani- 
sotropy and experiments using circular polarization, 
preferably on intrinsic samples, would do a great deal 
to clarify the situation. A theory taking into account 
both the anomalous skin effect and the anisotropic 
scattering should permit a better comparison between 
theory and experiment. Another possible approach is 
to attempt an experiment in which infrared frequencies 
would be used at higher magnetic fields. This would 
have the advantage that perhaps wr greater than one 
could be achieved at room temperature and the possible 
difficulties of interpretation due to the anomalous skin 
effect could be avoided. In such a case the classical 
theory outlined here would be directly applicable. 
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APPENDIX I 


To obtain the effective-mass tensors of ellipsoids } 
and ¢, one has to transform the effective-mass tensor 
of ellipsoid a by the use of the matrices of Eq. (9), 
namely, 


Mm), -= (S-)»,-:ma'Ss,. 
| (m+ 3mz) 

= mo/4| V3 (mi— mz) 
| 2v3m, 


F 2v3m, 
aor 2m, 
4m; 


v3 (m1— mz) 
(3mi+mz2) 
es 2m, 


. (20) 


APPENDIX II 


The equation of motion for a carrier which is moving 
on an ellipsoidal constant energy surface, is given by 


dv gB 
m:-—+—Xv+ym- v= gE/mp. 
di mo 


(21) 


(m2ym33— mo+b,?) 


C/ao= A™X (mi3m23— mM 12M33— bm13— beme3— b3m33-+b1b2) 


(my2m23— m13M22+b m12+b2m22+b3mo3+b1b3) 


where A=mymym3;—mym2+b-m-b. 
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(mismos— M1233 +-bym13+-b2m23+-b3m33 +b) 
(miym33— mi3°+b:*) 


(m13m12— M1:M23— bym11— bem y2— bym13+beb;) 
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Since we are interested only in the ac components of 
the velocity dv(t)/dt=jwv, one is then able to solve 
Eq. (21) for the velocity to obtain 


qE/mo 
v=(m+bx1)-——, 
v+ jw 


where b=[¢B/(v+ jw)mo ]. 

The conductivity tensor is then simply evaluated 
from the relation for the current density, J=o- E=ngqv, 
to give 


o/oo= (m+bX1)~, 
where oo=nq"/[mo(v+jw)] and 1 is the identity 
matrix. Using these results, the conductivity tensor for 
the three ellipsoids takes the form 
(m12m23— m13M22— bym12— bemo2— b3m23+b1b3) 
(m1312— MiM23 +b +bem12+b3m13+b2bs) |, 


(miymo2— m2? +5;?) 





PHYSICAL REVIEW VOLUME 


102, NUMBER 3 


Effects of Gamma Radiation on Germanium 


J. W. Crexanp, J. H. Crawrorp, Jr., AnD D. K. Homes 
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 


(Received January 27, 1956) 


High-purity n- and p-type samples of Ge have been exposed to y rays from a 900-curie Co™ source. The 
extrinsic electron concentration of n-type material decreases at a rate only ~10~ of that for fast-neutron 
irradiation. Two electron trapping levels which are apparently identical to those produced by fast neutrons 
have been observed. Extended exposure converts n-type material to p-type, indicating the presence of an 
acceptor level at ~0.26 ev above the valence band. This energy is somewhat larger than that found in 
material irradiated by fast neutrons. Interstitial clustering and nonuniform defect distribution are believed 
to lower the energy levels produced by fast neutrons; hence energetic photons apparently produce randomly 
distributed defects throughout the volume of the specimen. Exposure of p-type material causes a decrease 
in extrinsic hole concentration with a removal rate much less than that for n-type Ge. The cross section for 
atomic displacements obtained from these results is ~1.5X 10~** cm*. This value is in reasonable agreement 
with the calculated cross section expected for the Compton electrons and photoelectrons produced by Co™ 


y-ray absorption in Ge. 





INTRODUCTION 


T is well known that fast-particle bombardment of 

solids is capable of altering to a marked degree 
certain of their physical properties. These so-called 
radiation effects result from the production of lattice 
defects by collisions of the nucleons with lattice atoms 
and the influence of the defects on the defect-sensitive 
physical properties.' 

Recently Dugdale? has presented evidence that high- 
energy photons (Co® + rays) enhance the ordering rate 
of disordered Cu;Au in much the same manner but to 
a considerably less degree than that resulting from fast- 
neutron bombardment.’ He explains this behavior as 
arising from the generation of atomic displacements by 
energetic Compton electrons and photoelectrons which 
result from y-ray absorption in the alloy. These re- 
sultant defects enhance the diffusion rate and the rate 
of ordering is thereby increased. 

We report here the results of studies of the effect of 
y radiation on the electrical properties of Ge. This 
material was chosen because of its very great sensitivity 
to fast-particle bombardment. In high-purity speci- 
mens, whose extrinsic carrier concentrations are in the 
neighborhood of 10 cm-*, the presence of as few as 
5X10" displaced atoms per cm* may be detected in 
good precision from Hall coefficient and resistivity 
measurements. Five years ago, at the suggestion of 
K. Lark-Horovitz, we attempted to observe y-ray 
effects in Ge but the purity of available material at 
that time was too poor and the intensity of the Co™ 
source used was too low to yield positive results. 


RESULTS 


Both n- and p-type specimens cut in the form of Hall 
plates (10 3X1 mm) were exposed to y rays (1.17 and 


1See, for example, G. H. Kinchin and R. S. Pease, Repts. 
Progr. in Phys. 18, 1 (1955). 

2R. A. Dugdale, Report of Bristol Conference on Defects in 
Crystalline Solids (The Physical Society, London, 1955), p. 246. 

3 T. H. Blewitt and R. R. Coltman, Phys. Rev. 85, 384 (1952); 
Acta Metallurgica 2, 549 (1954). 


1.33 Mev in equal intensity) from a 900-curie Co™ 
source. The temperature of exposure was ~20°C. 
Before irradiation and after subsequent exposures the 
resistivity p and Hall coefficient R were measured as a 
function of temperature from liquid nitrogen to room 
temperature. The photon flux was estimated from both 
geometrical considerations and water decomposition 
measurements,‘ the two methods yielding values in 
satisfactory agreement with each other. 

Exposure of n-type Ge to y rays decreases the ex- 
trinsic electron concentration at an initial rate of ~1.4 
X10~ electron per photon at liquid nitrogen tempera- 
ture (a rate only about 10-* as great as for fast 
neutrons). In a high-purity specimen (2X 10" electrons/ 
cm‘) rapid saturation is apparent, but in a more impure 
sample (710 electrons/cm*) the effect is approxi- 
mately linear out to an exposure of 5X 10'* photons/ 
cm?. The high-purity specimen has been converted to 
p-type by y radiation, and the results obtained are 
summarized in Fig. 1 in which log R is plotted against 
reciprocal temperature after several of the exposures. 
Curve I, obtained before exposure, exhibits the expected 
behavior for a high purity specimen. After 1.6 10"® 
photons/cm?, Curve IT exhibits the existence of two 
electron-trapping levels, a deep one which is completely 
occupied throughout the entire extrinsic range and a 
shallow state which is ionized at the higher temperature 
but completely occupied at low temperature. The 
shallow level is responsible for the step in the extrinsic 
portion of Curve II. A closer examination of curves of 
this type in a range where the concentrations of ex- 
posure-produced levels are not sufficient to remove all 
of the chemical donor electrons reveals that the two 
levels are produced in approximately equal concen- 
tration. After additional bombardment, the shallow 
level controls the temperature dependence of the ex- 
trinsic electron concentration, as shown by Curve III. 
The slope of this curve indicates that the shallow level 


4 We are indebted to C. J. Hochanadel of this laboratory for this 
calibration. 
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lies ~0.2 ev below the conduction band edge. These 
findings are virtually identical with those for fast- 
neutron bombardment of n-type Ge.5 

Further exposure converts the specimen to p-type 
and the slope indicates the presence of an acceptor 
(presumably the deep electron trap) at ~ 0.26 ev above 
the valence band edge. This acceptor ionization energy 
is somewhat larger than that estimated for fast-neutron 
bombardment (~0.18 ev) but the difference may arise 
from the nonuniform distribution of defects and a 
tendency for clustering of interstitials which is indicated 
for reactor-irradiated specimens.®:* This suggestion is 
supported by the low-temperature annealing behavior 
of the y-irradiated specimen. After 90 min at 120°C, 
the sample of Fig. 1 showed a marked decrease in Hall 
coefficient toward low temperature and the slope of the 
curve indicates an acceptor ionization energy of ~0.16 
ev. 

These results suggest that y radiation indeed pro- 
duces lattice defects in Ge. Moreover, the correspond- 
ence of these states with those of neutron-bombarded 
specimens and the apparent absence of complications 
expected from clustering and nonrandom distribution 
of defects would strongly suggest that individual 
interstitial-vacancy pairs are uniformly produced 
throughout the volume of the specimen. 

The behavior of p-type Ge, though not so clear-cut 
as high-purity n-type specimens, is consistent with 
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5 Cleland, Crawford, and Pigg, Phys. Rev. 98, 1742 (1955). 
6 Cleland, Crawford, and Pigg, Phys. Rev. 99, 1170 (1955). 
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expectation based on the n-type results. Exposure 
decreases the hole concentration over the entire ex- 
trinsic range for a specimen whose initial concentration 
is ~1X 10" cm~ and the decrease saturates after pro- 
longed exposure. The rate of carrier removal and the 
total decrease after saturation is considerably smaller 
than for n-type Ge. In view of the large ionization 
energy of the bombardment produced acceptor level 
and the expected presence of hole traps,® a hole con- 
centration decrease is expected in this temperature 
range (77 to 200°K). After appreciable saturation, the 
hole concentration was considerably greater in magni- 
tude and possessed a much smaller temperature de- 
pendence than the converted n-type specimen (Curve 


V, Fig. 1). 
DISCUSSION 


If it is assumed that two electrons, one for each type 
of trap, are removed at liquid nitrogen temperature 
for each displaced atom, the cross section o, for dis- 
placing atoms by Co® photons in Ge may be readily 
obtained from the initial rate of electron removal. The 
value of ao, has been found to be ~1.5X 10~** cm”. The 
observed o, is evidently the sum of the contributions 
resulting from the various y-ray absorption processes. 
Since at these photon energies (1.17 and 1.33 Mev) 
pair production is negligible and since the cross section 
for direct interaction of the y ray with the nucleus is 
very small, the effect must be caused primarily by the 
Compton and the photoelectric processes.? It should be 
mentioned that the mechanisms suggested by Seitz’ 
and Varley® to account for photon generation of defects 
in ionic crystals do not seem applicable to Ge. Evapo- 
ration of defects from dislocations by an exciton energy- 
transfer process ’ does not seem probable because of 
the small exciton energies in Ge. Moreover, Varley’s 
mechanism, which depends on the ejection of a multiply 
ionized anion from its lattice site by the crystal po- 
tential, is not expected to operate in a homopolar, 
covalent crystal. 

Compton electrons and photoelectrons with energies 
greater than a threshold value, i.e., sufficient energies to 
transfer more than the necessary displacement energy 
E, to a lattice atom, can displace atoms by Coulombic 
interaction with the nucleus. In this regard, disordering 
of solids by y rays is essentially the same as by electron 
bombardment? except for two factors: (1) a distribution 
of electron energies results from the Compton process 
and (2) lattice damage can be produced uniformly 
throughout a relatively thick specimen by y-ray bom- 
bardment but only within the short electron range by 
electron bombardment. The first factor renders this 
method of defect introduction relatively ineffective for 
precise determinations of Ez, but the second is quite 
desirable experimentally since this permits introduction 

7 F. Seitz, Revs. Modern Phys. 26, 7 (1954). 


8 J. H. O. Varley, J. Nuclear Energy 1, 130 (1954). 
9 E. E. Klontz, Phys. Rev. 86, 643 (1952). 
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of a uniform distribution of Frenkel defects for bulk 
property studies without the limitation of sample 
dimensions by electron range. Kinchin and Pease! have 
suggested an additional process, namely, atomic dis- 
placement by recoil during photoelectron ejection. For 
photon energies involved here however, the electrons 
are ejected predominantly in the forward direction with 
respect to the absorbed photon" and hence the mo- 
mentum transferred to the emitting atom is usually so 
small that the recoil energy is less than the displace- 
ment energy in the case of Ge. 

The necessary information for calculating the contri- 
butions of the Compton electrons and photoelectrons 
to oy are summarized by Bethe and Ashkin." Using the 
expression for the electron displacement cross section 
based on the theory of Mott” as modified by McKinley 
and Feshbach” and Dugdale and Green," assuming an 
Ez of 25 ev, and integrating over both the energy 


1% A. Hedgran and S. Hultberg, Phys. Rev. 94, 498 (1954). 
H. A. Bethe and J. Ashkin, Experimental Nuclear Physics 
edited by E. Segré (John Wiley and Sons, Inc., New York, 1953), 
Vol. 1, p. 166. 
2N. F. Mott, Proc. Roy. Soc. (London) A124, 425 (1929); 135, 
429 (1932). 
ash A. McKinley and H. Feshbach, Phys. Rev. 74, 1759 
1 : 
™4R. A. Dugdale and A. Green, Phil. Mag. 45, 163 (1954). 
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distribution and range of electrons, one obtains a total 
value of o, for both processes of ~ 1.3 10-** cm?. In 
view of uncertainties in photon flux and the approxi- 
mations in the calculation, this value is considered to 
be in satisfactory agreement with the observed c,. A 
recent determination of Ez for Ge indicates that 23 ev 
is perhaps its upper limit.'® This smaller value of E, 
would increase the calculated o, by several percent. 

An interesting consequence of the calculation is that, 
contrary to expectation, the contribution of the photo- 
electrons is found to be approximately the same as that 
of the Compton electrons. This results from the fact 
that the electron displacement cross section increases 
rapidly with energy and the energy of photoelectrons is 
essentially that of the absorbed photon whereas the 
effective Compton electrons have energies ranging 
from the threshold value to a maximum which is ap- 
preciably less than the photon energy (0.54 to 1.12 
Mev). 
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The annihilation lifetime of positrons stopping in benzene has been measured as a function of the per- 
centage of added free radical, diphenylpicrylhydrazyl. The long component of the complex annihilation 
curve quenches from 2.67X10~ sec in pure benzene to 5.3X10-" sec at a 3% free radical concen- 
tration. An annihilation model following Bell and Graham’s assumptions is discussed, postulating the 
partial formation of bound positron states prior to annihilation. The long lifetime is regarded then as a 
measure of the conversion rate from triplet to singlet states due to collisions of the positron system with 
the unpaired electrons of the free radical. The experimental points yield, using such a model, a conversion 


cross section of ¢= 1.18107 cm?. 


INTRODUCTION 


HE first detailed study of the lifetimes of positrons 

in solids and liquids was reported by Bell and 
Graham.' Their result can be summarized as follows: 
In metals and crystalline solids, positrons annihilate 
with a single mean lifetime 7,;= (1.5-2) 10-" sec. This 
short lifetime seems to be almost independent of the 
particular material used. In some amorphous non- 
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t National Science Foundation Predoctoral Fellow, 1955-1956. 

'R. E. Bell and R. L. Graham, Phys. Rev. 90, 644 (1953). 


metals, and in most liquids, about 70% of the two- 
photon annihilation proceeds via a short lifetime of 
the order of 7; in metals, and the rest via a longer 
“anomalous” component, r2 (72X10~ sec). The 72 
decay time is sensitive to the thermodynamical param- 
eters of the solid material, such as temperature, phase, 
and order-disorder. 

The exact nature of this anomalous lifetime is still 
not well understood. 

Bell and Graham postulate the formation of bound 
states (similar to positronium in gases) in order to 
explain the behavior of the 72 component. This lifetime 
can be regarded then as a measure of the conversion 
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rate from triplet to singlet spin states of the bound 
positron system due to collisions with the atoms (elec- 
trons) of the sample material. Dixon and Trainor? point 
out some difficulties with the above explanation, and 
interpret the experimental results in terms of anni- 
hilation from excited (2S) states of positronium. Since 
neither of these theories is quantitative, it is clear that 
there is a need for more experimental data pertaining 
to the exact parameters influencing the rz component. 
If such experiments could distinguish between the 
above assumptions and could place one or the other on 
a firmer quantitative ground, lifetime measurements 
would form a useful tool in the study of the solid and 
liquid states. 

The existence of some sort of bound state before 
annihilation has been substantiated by experiments?‘ 
correlating a higher 3y annihilation rate with the ap- 
pearance of the rz component. 

The recent experiments of Hereford and Wagner® 
correlate the temperature dependence of the r2 com- 
ponent, as observed by Bell and Graham, with a nearly 
linear temperature dependence of the 3-photon rate 
down to liquid helium temperatures. Their results are 
also indicative of a strong phase dependence, the tem- 
perature effect, if any, being much weaker in the liquid 
state. 

Complementary to an increase in the 3-photon rate, 
one expects a small decrease in the absolute 2y rate. 
This effect has been observed by Pond,*® by comparing 
the total 2-photon rate in the material to be studied 
with the rate in a metal, known from Bell and 
Graham’s results not to exhibit a rz decay component. 
Since the resolving time of the coincidence circuit used 
was long compared to the annihilation lifetimes, Pond’s 
data yields the integrals of the time delay curves as 
measured by the fast-coincidence method. Using the 
same technique of absolute 27 rate comparison, Pond 
has observed the change of the annihilation rate in 
benzene as a function of an added organic free radical, 
diphenyl picryl hydrazyl (DPH) concentration. This 
effect (~0.6%) indicated a possible large quenching 
of the actual lifetime, recalling the triplet positronium 
quenching in gases due to NO addition.’ Since the 
addition of the free radical allows one to change the 
concentration of unpaired electrons in the medium, the 
detailed knowledge of the lifetime change vs DPH con- 
centration can be of value in evaluating the possible 
annihilation models. 

The present experiment,’ consisting of the direct 
measurement of r2 vs concentration of DPH, is part 


2 W. R. Dixon and L. E. H. Trainor, Phys. Rev. 97, 733 (1955). 

3S. De Benedetti and R. T. Siegel, Phys. Rev. 94, 955 (1954). 

4R. L. Graham and A. T. Stewart, Can. J. Phys. 32, 1678 
(1954). 

5 R. T. Wagner and F. L. Hereford, Phys. Rev. 99, 593 (1955). 

6 T. A. Pond, Phys. Rev. 93, 478 (1954). 

7M. Deutsch and E. Dulit, Phys. Rev. 84, 601 (1951). 

8 Preliminary results of this experiment were reported at the 
Toronto Meeting of the American Physical Society, 1955 [S. 
Berko and A. J. Zuchelli, Phys. Rev. 99, 1652(A) (1955) ]. 


ie 


r=) 


t| 


DELAY CABLE 


Fic. 1. Positron annihilation in aluminum. The solid line cor- 
responds to the Gaussian A exp(—1.19X10-*Z*), where L is in 
cm of delay. This curve is used in the discussion of data as the 
resolution curve of the apparatus. 
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of a set of experiments designed to study independently 
the parameters influencing 72. A detailed knowledge 
of these parameters might allow one to use the anoma- 
lous lifetime component as a tool in the study of the 
solid and liquid state of matter. 


EXPERIMENTAL SETUP AND RESULTS 


The experiment consisted of placing two thin-walled 
(0.0002 in.) aluminum containers around a Na” source, 
and measuring the r2 annihilation lifetime of positrons 
in purified benzene with different DPH concentrations. 

Two stilbene crystals mounted on RCA 6342 type 
photomultiplier tubes faced the benzene containers. 
The fast-coincidence circuit was of a modified Bell and 
Graham type design; distributed Hewlett-Packard 
wide-band amplifiers cut off 404A type pentodes. The 
photomultipliers also had side channels with integral 
discriminators biased to accept only a narrow upper 
range of the 1.28-Mev and 0.51-Mev y rays, respec- 
tively. The resolving time of the circuit was approxi- 
mately 2.3 10~ sec with a drop-off rate for coincidence 
pulses of 2.2 10-" sec. The lifetime curve for positron 
annihilation in aluminum indicated that the drop-off 
rate due to the intrinsic resolution of the crystals and 
counters of our circuit was larger than the corresponding 
lifetime of 1.5X10- sec as measured by Bell and 
Graham! by their beta-ray spectrometer method. We 
have therefore assumed throughout our discussion that 
the resolution of the apparatus is identical to the delay 
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Fic. 2. Experimental points for annihilation in pure benzene. 
The theoretical curve corresponds to 31% of all positrons anni- 
hilating from bound states. 


curve obtained using annihilation in aluminum (prop- 
erly displaced of course to take into account the cen- 
troid shift corresponding to 7; in aluminum). Figure 1 
shows this aluminum curve and a Gaussian fit to the 
experimental points. The fit is fairly good, within our 
experimental precision, and we shall use it for the dis- 
cussion of the delay curves, thereby avoiding the neces- 
sity of numerical integrations. The Gaussian is given by 


R(L)=A exp(—1.19X10>Z?), 


where L is the time delay as measured in cm of delay 
cable with a signal velocity= 2.52 10" cm/sec. 

The delay curve, as obtained for pure benzene, is 
plotted in Fig. 2. The measurement yields a 72 lifetime 
(1/e value) of (2.67+-0.08)10-* sec. We shall discuss 
the percentage of all positrons decaying via r2 and the 
theoretical curve of Fig. 2 in Sec. ITI. 

The result of the addition of the free radical is 
plotted in terms of a set of decay curves with varying 
DPH concentrations in Fig. 3. For sake of clarity, only 
part of all measured curves has been plotted. It can be 
seen that r2 quenches quite rapidly, leaving the total 
area under the delay curves the same within experi- 


mental accuracy, thereby confirming Pond’s results., 


The exact variation of r. 7s DPH concentration is seen 
in Fig. 4. The theoretical curve plotted on the graph 
will be discussed in the next section. 


Ill. INTERPRETATION OF RESULTS 


Dixon and Trainor’ point out that if one assumes a 
fast capture rate into bound states, resulting in anni- 
hilation solely from bound states, the experimental 
percentage of the number of positrons decaying with r2 
is in contradiction with the percentage as derived from 
such a model (see appendix and table in reference 2). 
It is mainly on this contradiction that they base their 
criticism of the Bell and Graham triplet-singlet con- 
version model. They then proceed to assume a model 
whereby the 72 component is due to annihilation from 
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the 2S excited states of positronium. [The probability 
for annihilation depending on ¥(0)y¥(0) which decreases 
as the cube of the principal quantum number for S 
states. | This assumption however, seems to necessitate 
infinitely fast conversion rate between the spin triplet 
and spin singlet states; one would otherwise observe 
four, instead of two lifetimes, corresponding to the 
finite conversion rates between the triplet and singlet 
states. ' 

The free radical used in the experiment, diphenyl 
picryl hydrazyl, has been extensively studied®; it 
exhibits the sharpest paramagnetic resonance curve, 
yielding a g value of g=2.004. Negligible energies are 
required to invert the spin of the odd electron. It is 
unusually stable because of electron resonance. The 
strong quenching of 72 due to these unpaired electrons 
seems to contradict the necessary assumption of 
infinite triplet-singlet conversion rate of the 2S model. 
This model would require a strong 2S--1S conversion 
in order to explain the experimental result; it becomes, 
however, hard to understand why a spin-unpaired 
electron should be necessary for such a process. We 
conclude, therefore, that the Bell and Graham model 
yields a more natural explanation of the quenching 
process. 

In the following, we would like to point out how such 
a model could yield quantitative results, and how Dixon 
and Trainor’s objection to the J,/J» ratio can be re- 
solved by assuming that the main part of 7; is due to 
annihilation of free rather than bound positrons. Fol- 
lowing Dixon and Trainor’s notation, let P;(t) be the 
probability of finding a free positron, at time ¢, in the 
solid; Ps(¢) and Pr(#) the probability of finding singlet 
and triplet “‘positronium” states. Let A;, As, Ar be the 
annihilation rates of free positrons and singlet and 
triplet positronium; let y. be the capture rate into 
bound states, and y the conversion rate. 

In order to formulate such a model, one has the 
following choices: (1) The capture rate, y, is constant 
in time, and of the same order of magnitude as the 
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Fic. 3. Representative set of experimental delay curves as a 
function of free radical concentration. 


® Hutchison, Pastor, and Kowalsky, J. Chem. Phys. 20, 534 
(1952). 
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annihilation rate Ay. Capture and annihilation are 
therefore competing processes. (2) The capture rate is 
very fast but strongly velocity-dependent, the capture 
process reaching a maximum when the positrons are 
unable to ionize the atoms (molecules), but still can 
capture (similar to the Ore region in gases). Assuming 
that the slowing down process of positrons is fast 
(10-"-10-" sec), one can then say that the fate of a 
positron (whether it will annihilate via a free state or 
form positronium) is decided within these times, capture 
and annihilation being subsequent and not competing 
processes. 

Although one has good theoretical reasons for 
believing that the second assumption approximates 
closer to reality, we shall follow up both possibilities. 
Using assumption (1), the differential equations govern- 
ing P;, Ps, and Pr are 

Py=— yt 470) Py, 

Ps=yePs— (3y+As)PstyPr, 

Pr=3y-Pyt+3yP s— (y+Ar)Pr. 
The reasonable assumption has been made that the 
dissociation rate of positronium (into free particles) 
is negligible compared to the annihilation rates. The 
second assumption, neglecting annihilation during slow- 
down, yields two separate systems of equations: 


Ps=— (3y+As)Pst+yPr, 
Pr=3yPs—(y+)r)Pr. 
Equations (B) are identical to those of Dixon and 
Trainor.? One can solve the system (A) with the initial 
conditions P;(0)=1, Ps(0)=0, Pr(0)=0, and the 
system (B) with P;(0)=J,; and Ps(0)=3}/2, Pr(0)= 212, 
where J2=1—J,. The solutions are 

P;(t)= Ase, 

Ps(t)=A se™'+ Byge-'+-C se, 

Pr(t)=Are™'+ Bre '+Cre-™, 
aie ve IN PURE BENZENE 


L xio* sec 


(A) 


P,= —A,P;, and 


(B) 


(A’) 
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D-P-H CONCENTRATION BY WEIGHT 


Fic. 4. Variation of the long-lifetime component with concen- 
tration of DPH free radical. The theoretical curve has been fitted 
by y¢= Non, yielding cv=9.7X 10~" cm! sec. 


and 
Pi(t)=Ase™, 


Ps(t)=Bs'e'+Cg'e™, 
Pr (t) = Br'e®'+-Cr'e*, 


(B’) 


Elementary computations yield all coefficients as 
functions of (y., y, As, Ar) and (1h, y, As, Ar), respec- 
tively. The system (A) contains three rates, although 
they cannot be called 3 independent “‘lifetimes,” since 
not all coefficients A, B, C are positive. Both models 
lead to the same )’ and de. We identify A» with the 
reciprocal of the long-lifetime component 7. 

If one assumes \g and Ar to be the annihilation rates 
as computed for positronium in vacuum, one can match 
A2(As,Ar,y) to the experimental A» in benzene; solving 
then for y one obtains a conversion rate of y=4.3X 108 
sec'. It is questionable whether the Az rate in pure 
benzene is due to a genuine triplet-singlet conversion. 
Since one does not have spin-unpaired electrons, the 
effect might rather be due to the annihilation of posi- 
trons in collisions between positronium and electrons 
of appropriate spin direction in benzene (see Garwin’s'® 
suggestion). 

By introducing, however, the free radical, the 
genuine triplet-singlet conversion can take place via 
the unpaired DPH electrons. One can write y=7o for 
benzene and attribute the DPH effect to y; by setting 
Y=Vtys- 

The theoretical 72 vs ys; curve can be fitted to the 
experimental r2 vs DPH concentration points by setting 
v1= Nov; N is the number of unpaired electrons per cm® 
introduced by the free radical, o is the conversion cross 
section, and » is the relative velocity of the positron 
system and the DPH molecules. This fit has been 
plotted in Fig. 4. It yields cv=9.7X10-" cm’ sec. If 
one assumes that the positron system is a genuine posi- 
tronium atom moving with thermal velocity, one 
obtains c= 1.18X10-” cm? for the triplet-singlet con- 
version cross section. This value is in good agreement 
with Pond’s results, after correcting for the difference 
in the experimental r2 for pure benzene and his assumed 
value for r2. o is of the same order of magnitude as the 
conversion cross section of positronium in gases due to 
the addition of NO. The large value of o indicates that 
the effect is due to a spin exchange during Coulomb 
collisions, rather than to a paramagnetic quenching 
process. More detailed computations would be needed, 
however, to completely rule out the latter effect. 

Once o has been determined, the remaining param- 
eters y- or J; in the respective models can be obtained 
by the following process: The pure benzene curve 
yields \;=2.7X 10° sec for the fast annihilation rate. 
In the lifetime experiment, one observes the composite 
theoretical curve AyP;(#)+AsP s(t) properly folded into 
the resolution curve of the apparatus. One can find 
explicit expressions for this folded curve in terms of 


” R. L. Garwin, Phys. Rev. 91, 1571 (1953). 





S. BERKO AND A. jf. 


T TT TTTTYT 
i, 


6 
TT TTTT1r 


ee wee a 





COUNTING RATE 


10° sec 


| 


Pererreeie veers eee 
rt 


10 CM 





DELAY CABLE 


Fic. 5. Delay points for the 0.7% DPH concentration. The 
solid and broken curves correspond to the two different anni- 
hilation models discussed in the text. 


error integrals, by using the Gaussian fit to the delay 
curve in aluminum as the resolution curve. The delay 
curve for benzene can then be fitted by adjustment of 
the parameter 7, or J. This fit yields y.=0.18X 10° 


sec~! for model (A) and J2=0.31 (31%) for model (B). 

The curve plotted in Fig. 2 is such a fit for J2= 31%. 
This value of J, leads to 25% of all positrons anni- 
hilating with the 72 lifetime, 7;=69% annihilating with 
the 7, lifetime from the free state, and about 6% 
decaying from the singlet state of the bound positron 
system with a lifetime (\’)~'. Once J; is found, the theory 
actually predicts that 0.6% of all positrons forming 
bound states decay via three photons directly from the 
triplet state, but the precision with which the magnitude 
of I, is determined (~10%) does not allow us a direct 
comparison of this percentage with Pond’s data. The 
percentage of positrons decaying via the rz component 
remains constant within the experimental precision 
of 10%. The ratio of fast to slow component should 
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be actually corrected, taking into account the per- 
centage of positrons decaying in the vessel walls. This 
effect is estimated to be, however, less than ~4%. 

The exact shapes of the experimental curves could 
decide quantitatively between model (A) and model 
(B). The lifetime (A’)— is not, however, exhibited 
directly in these curves, because of the too wide reso- 
lution curve of the apparatus; the positrons decaying 
via \’ add only to the total area under A). 

A comparison of the experimental curves for different 
DPH concentration with the shapes of the theoretical 
composite curves for different conversion rates indi- 
cates, at least qualitatively, that the results of model 
(B) fit the experiment better. Figure 5 demonstrates 
this qualitative fit, by presenting the experimental 
points together with the theoretical curves as predicted 
by the two models and folded into the Gaussian reso- 
lution, for the 0.7% concentration. These theoretical 
curves were obtained after determining the parameters 
of both models by matching to the pure benzene curve. 
The same qualitative result is obtained by a comparison 
of the total two-photon rate vs yy; curve with Pond’s 
experimental points. 

We conclude therefore, that a Bell and Graham type 
triplet-singlet conversion picture, assuming rapid but 
velocity-dependent capture rates, and only partial 
positronium formation, can account for the experi- 
mental results. It is well understood that the above 
description is a purely phenomenological one. Theory 
is needed to account for the magnitude of the experi- 
mental rates. The assumption that As and Az are, in 
benzene, identical with the vacuum values for posi- 
tronium is a questionable one, since they depend on the 
extent of the y function of the system. Even if real 
positronium is formed in molecular liquids, one expects 
a different size for the wave function because of the 
influence of neighboring molecules. 

Other experiments, designed to study the parameters 
influencing the magnitude of the 7: component in 
liquids and solids, and the exact nature of the bound 
positron system, are being presently performed, and 
will be reported in a subsequent paper. 
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It is shown that the two series ng *G(m= 5-11) and nh *H(n=7-10) of Mg 1, which were recently deter- 
mined with great accuracy by Risberg, can be represented within the experimental errors by the polarization 
formula for nonpenetrating orbits, which contains as single adjustable parameter the polarizability a of the 
atom core. The value of a thus obtained for Mg? is (0.0720+-0.0010) x 10-* cm‘. 





N a study of the term system of C Iv, it was found 
desirable to calculate the values of certain hydrogen- 
like terms by using the polarization formula for non- 
penetrating orbits. To get an estimate of the obtainable 
accuracy, the formula was first applied to Mg uy, which, 
after the recent observations by Risberg,! offers by far 
the best material for such a test. The following note 
gives the results obtained for Mg 11. 

Bohr’ was the first to point out that the polarization 
of the atom core in the field of the valence electron will 
produce a quantum defect for nonpenetrating orbits 
in alkali-like spectra. Born and Heisenberg? treated this 
effect on the basis of the old quantum theory, and 
Waller‘ gave the quantum-mechanical theory. 

Waller obtains from the perturbation theory a rela- 
tion that can be written 


RZ°?/ (n*)?= RZ¢?/n?+ Raao(r), (1) 


where R is the Rydberg constant, Zp the net charge of 
the core, m the principal quantum number, n* the 
effective principal quantum number, a the polariza- 
bility of the core, ao the radius of the first Bohr orbit of 
hydrogen, and (r~*) the average of r~* taken over the 
unperturbed system, r being the distance from the 
nucleus to the valence electron. For this average, Waller 
derived the expression 


Zo'[3n?—1(1+1) ] 
(7+) = ’ (2) 
2ag'n®(J—3)1(1+-3) (1+1) (+9) 


where / i is 5 the azimuthal quantum number. Introducing 








the term value T=RZ,?/(n*)*, the corresponding 
hydrogenic term value T»= RZ¢*/n?, and the expression 
(2) in Eq. (1), one obtains 

—I(l+1) 


T=Ty+C——— Ye @ 
n§(1—3)1(1+-3) (+1) (+9) 





where C=aRZ,'/2a,'. The term values are thus given 
in terms of the quantum numbers m and / and the 
parameter a. 

A calculation of a based on spectroscopic term values 
has been made for several ions with rare gas structure 
by Mayer and Mayer.’ They derive and apply cor- 
rections for the effect of penetration and for quadrupole 
polarization of the ion. 

The quadrupole polarization can be accounted for by 
adding a term proportional to (r~*), writing 


C=Co(1+k(r-*)/(r)), (4) 


where & is constant for a given ion. C/Co has been cal- 
culated for several ions by Mayer and Mayer and by 
Sternheimer.* The k&-values from Sternheimer’s calcu- 
lation are on the average about twice as large as those 
found by Mayer and Mayer. He did not treat the Mg** 
ion, however. 

The quantum-mechanical value of (r~*) has been 
calculated by Van Vleck’ and given in terms of certain 
parameters, which are in turn expressed in the quantum 
numbers » and /. If one replaces the parameters by 
these expressions, the value can be given explicitly in 
terms of and /: 


Z0°{35n'—5Sn?[6l(I+ 1) —5.]+3(l—1U(1+1) (14+-2)} 





~ Baytn®(I—§) (I— 1) (d—4)U-+-4) 4-1 4-8) 4-2) (45/2) 


The quotient (r~*)/(r~*) is seen to approach the value 
35Z02/[12a0*(/—$) (1— 1) (14+ 2) (/+-5/2) ] for large values 
of n. 

When applying formula (3) to Mg 1, the constant C 
has been determined from the first five members of the 
*G series by the method of least squares, giving 
C=429 900 cm~. Inserting this value of C and the 


' P. Risberg, Arkiv Fysik 9, 483 (1955). 

?.N. Bohr, Ann. Physik [4] 71, 262 (1923). 

3M. Born and W. Heisenberg, Z. Physik 23, 388 (1924) 
4T. Waller, Z. Physik 38, 635 (1926). 


(5) 





appropriate values of / in Eq. (3), one gets the formulas 
ng*G: T=T o+248.14(3n?—20)/n', (6) 
—10)/n', (7) 





nh?H: T=To+267.23(n 


with 
T= 438 939.33/n?. (8) 


‘J. E. Maser and M. Goeppert-Mayer, Phys. Rev. 43, 605 
(1933) 
¢R. M. Sternheimer, Phys. Rev. 96, 951 (1954). 


7J. H. Van Vleck, Proc. Roy. Soc. (L orden) A143, 679 (1934). 
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TABLE I. mg *G terms of Mg 11. 








= 


Tobs —To 


4.373 
2.802 
1.875 
1.298 
0.933 
0.678 
0.499 


Tobs, cm! 


17 561.946 
12 195.561 
8959.821 
6859.725 
5419.937 
4390.071 
3628.097 


Teaic — To 


4.367 
2.808 
1.875 
1.302 
0.937 
0.695 
0.528 


To, cm™ 


17 557.573 
12 192.759 
8957.946 
6858.427 
5419.004 
4389 .393 
3627.598 


Tovs — Teale 





Ooo aAuW 


_— 








TABLE II. nh *H terms of Mg 1. 








Tots—To  Teate—To 


0.894 
0.620 
0.440 
0.321 
0.241 


Tobs, cm™ To, cm™ 


12 192.759 
8957.946 
6858.427 
5419.004 
4389.393 





0.606 
0.441 
0.325 
0.181 


8958.552 
6858.868 
5419.329 
4389.574 


+0.004 
— 0.060 








In Tables I and II are listed the term values, 7.1, 
as observed by Risberg, the hydrogenic term values, 7, 
the differences T.4,—7o, the differences Teaie— To ob- 
tained from (6) or (7), and the residuals Tors— Tonic. 
Risberg gives the term values with two decimals and 
has estimated their limits of error to be about 0.02 cm™ 
on the average. With his permission the values are given 
here with three decimals, taken from his working list, 
to facilitate a comparison with the calculated values. 

The tables show that the *G and the °H series are 
indeed represented within the experimental errors by 
the polarization formula with the single adjustable 
parameter a. The deviation for the last member of each 
series also appears when the series are represented by 
Ritz formulas. 

The ?F series cannot be accurately represented by the 
simple polarization formula for any value of a. In Table 
III, Toaic— To have been calculated from the formula 


(9) 


which is obtained from (3) by using the same value of 
C as before. Tobs— Toate gives the quantity that cannot 
be explained by the simple formula and which must be 
due to penetration and to polarization of higher order.* 

The value of C obtained from the °G series gives 
a=0.0726X 10-* cm’. The uncertainty of the observed 
term values gives a maximum error in a of 0.0004 10-. 
If some part of the term defect, T.ts— To, is due to the 
effect of penetration or higher order polarization, the 


T= 7 9+2729.5 (n?—4)/n'5, 


8 Note added in proof.—The *F series can in fact be accurately 
described by means of a two-parameter formula, obtained by 
combining Eqs. (3) and (4), which indicates that the deviation is 
largely due to quadrupole polarization. [K. Bockasten, Arkiv 
Fysik (to be published). ] 


value of a will be correspondingly smaller. Table IV 
gives the values of (r~*)/(r~*) in terms of Zo?/a¢? for the 
°F, °G, and *H series. The values of C/C given by Mayer 
and Mayer (=C, in their notation) correspond to 
kZ,?/ac?= 1.237. If their estimates of C, are correct, the 
value of a will then be reduced to 0.0720 10-4. 

An investigation of Table I of Mayer and Mayer 
shows that for the ions contained in the table the cal- 
culated change in term value due to penetration is 
generally smaller than the change due to quadrupole 
polarization. If, therefore, the value of a is given as 
(0.0720+-0.0010) x 10-* cm!, the limits will allow for a 
possible penetration effect as large as the effect of the 
quadrupole polarization. 

This value may be compared to the results of Mayer 
and Mayer. From the first three terms of the 2D series 


TABLE III. nf?F terms of Mg 1. 








= 


Tobs —To 


34.20 
20.15 
12.51 
8.19 
5.63 
4.01 
2.97 


To, cm~ Tealo —To Tovs — Toate 


27 433.71 
17 557.57 
12 192.76 
8957.95 
6858.43 
5419.00 
4389.39 


Tobs, cm=! 


27 467.91 
17 577.72 
12 205.27 
8966.14 
6864.06 
5423.01 
4392.36 





SC ONO US 


— 








TABLE IV. Values of ((r~*)/(r~*)) X (ac?/Z,?). 








nf °F 


0.0208 
0.0267 
0.0295 
0.0311 
0.0322 
0.0329 


0.0354 


ng *G nh *H 





0.0053 
0.0069 
0.0078 
0.0084 
0.0087 


0.0100 


0.0020 
0.0026 
0.0029 
0.0032 


0.0040 








of Mg 1 they obtained the polarizability 0.105, 0.107, 
and 0.107 10-* and from the first three terms of the 
2F series 0.072, 0.074, and 0.072X10-*. As the most 
probable value, they give 0.10X10-*. Their values 
from the ?F terms are in good agreement with the 
present results. Comparison can also be made with the 
value 0.094 10-* derived from the atomic refraction 
of Mg** as calculated by Pauling.’ 
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The quadrupole moment induced in various ions by the nuclear electric quadrupole moment Q has been 
recalculated to higher accuracy than in a previous paper. Values are presented for the ratio y.. of the induced 
moment to Q for the Na*, Cl-, Cu*, Rb*, and Cs* ions. These values of y.. enter into the quadrupole coupling 
of polar molecules, which is given by g&2e(1+|7y.|)/R* (R=internuclear distance) provided that the 
exchange repulsion of the ions can be neglected. The calculated values of y. are of order 10-100, in agree- 
ment with experimental evidence from the measured values of g for several polar molecules. 


T has been previously shown! that the nuclear 
electric quadrupole moment induces a large quad- 
rupole moment in the electronic shells of the surrounding 
atom or ion. The ratio y~ of the induced moment Qir 
to the nuclear moment Q was shown to be of the order of 
10-100 for a series of representative ions. The large 
magnitude of Qir affects the values of the quadrupole 
coupling in polar molecules which can be represented 
as consisting of two (or more) ions in interaction. 
Another way of interpreting this effect is to consider 
the perturbation of the ion involved by the field of the 
other ion in the polar molecule. The perturbation of the 
ion core makes a contribution to the field gradient at 
the nucleus which is |..| times the contribution of the 
external charge due to the other ion, ie., 2e|y.|/R°, 
where R is the internuclear distance. Although the 
values of the quadrupole coupling g can be determined 
for only a few polar molecules at present, it was shown 
that in most of these cases, g is larger than 2e/R® by a 
factor of the same order of magnitude as the calculated 
values of |y~|, in qualitative agreement with the 
present considerations. 

The values of y. given in Table I of I were calculated 
rather crudely, and an estimated error of +50% 
was assigned to these results. Recently we have dis- 
covered that some of the values of ys(nl—l) were 
unfortunately in error and that the accuracy of the 
results could be improved by more refined methods 
of calculation. In the present note we give the revised 
values of y«(nl—l), which are probably accurate to 
+10%. The contribution y.(nl—1) of the nl shell 
is given by 

relma) =a f uo'uy'r'dr, (1) 


0 


where ¢; is the coefficient due to the angular part of the 
wave function (c,=48/25 for np—-p, c.=16/7 for 

* The work carried out at Brookhaven National Laboratory 
was performed under the auspices of the U. S. Atomic Energy 
Commission. 

1 R. M. Sternheimer, Phys. Rev. 80, 102 (1950); 84, 244 (1951); 
Foley, Sternheimer, and Tycko, Phys. Rev. 93, 734 (1954). The 
last paper will be referred to as I. 


nd—d), uo’ is r times the radial wave function norma- 
lized according to fo*modr=1; mu’ is the radial part 
of the perturbation due to the nuclear moment, and is 


determined by 
1 1 
+Vo~Balu’=ui(—-(—)), (2) 
r r 


d I(l+1) 
where Vo is the spherical potential, Eo is the unper- 
turbed energy, and (1/r*) is the average of 1/r° over 
the unperturbed function? mo’. In order to check the 
calculation of y., this quantity was also obtained from 
the perturbation #,’ due to the external charge. The 
radial wave function #;’ is obtained from the equation 


ad I1(I+1) 


dr? r? 


dr* r? 


+Vo- Bsa’ =uo (r’?—<r")), (3) 


where (r*) is the average of r? over uo’. In terms of a’, 
Y«(nl—l) is given by 


va(nl-al)=cr f uo i'r dr. (4) 
0 


The fact that the two expressions (1) and (4) are 
equivalent has been shown previously.’ Table I gives 


TABLE I. Values of y. for the Nat, Cl-, Cut, Rb*, and Cs* ions. 





Ion Nat E ~u* ’ Cs* 


Ya(2p—p) 4. on ‘ 45 — 0.26 
Ya(3p—p) 96.. : : — 1.7 
Ye (3d—d) e ‘ — 0.38 
ya(4p—p) / — 10.7 
0(4d—d) — 40 
ya(Sp—) — 129.3 
Yyo(ang) +0.6 y : +2.2 + 2.9 
Ye 4. 56. 5. -70.7 —143.5 











? For Nat we used the wave functions of V. Fock and M. Petra- 
shen, Phys. Z. Sowjetunion 6, 368 (1934). For Cl- and Cut, the 
Hartree-Fock wave functions were used, while for Rb+ and Cst+ 
only Hartree wave functions (without exchange) are available. 
The references for these wave functions are given in I. The 
effective values of Vo— Eo were obtained from the wave functions 
uo’ according to Eq. (4) of I. 

(1958) M. Sternheimer and H. M. Foley, Phys. Rev. 92, 1460 
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the results of the calculations. For all of the cases 
shown in this table, the values of y.(#/—>l) obtained 
from Eqs. (1) and (4) agree within ~10%. The 
result listed in the table represents the average of the 
two values. The contribution y.(ang) of the angular 
modes was taken from our previous work.! 

In comparing the values of 7. in Table I with those 
obtained previously, two points may be noted. (1) The 
earlier values of yao(2~—p) for Na* and y.(3d—d) for 
Cut had been unfortunately affected by rounding errors. 
(2) In the present calculations the method of nu- 
merical integration was somewhat different from that 
used in the previous work. For both Eqs. (2) and (3) a 
solution (%#’ or i’) which is regular at r=0 was first 
obtained by outward numerical integration starting 
from the origin, as in the previous work. In addition, 
a solution which is regular at r= was obtained by 
inward numerical integration starting from large r. 
The two solutions were joined at an intermediate 
radius, generally in the vicinity of the outermost 
(principal) maximum of the unperturbed wave function 
uo’. The procedure of using both solutions is necessary, 
particularly for #,’, in order to obtain reliable values 
of 72 from Eq. (1). As mentioned above, the values of 
Y« thus obtained from Eq. (1) are in good agreement 
with those of Eq. (4). This comparison probably 
provides a reliable check, since the calculations of the 
functions #;' and #;' from the differential equations 
(2) and (3) are completely independent of each other. 

It is seen from Table I that the main conclusions of 
our earlier paper about the antishielding are entirely 
unaffected by the revised values of y. which are 
actually larger in all cases. Since the publication of I, 
additional evidence for the existence of a large anti- 
shielding has been obtained by Van Kranendonk‘ from 
the relaxation time in magnetic resonance experiments. 

Recently Das and Bersohn® have obtained values of 
yx for Nat and Al** by a variational calculation in 
which the function #,;’ is written as u'r? times a quad- 
ratic function of r with three undetermined coefficients. 
These coefficients were varied so as to minimize the 
second-order perturbation energy due to the external 
charge. For Nat they find y.(2p—-p)=—5.23. As 
shown in Table I, we obtain y..(2p—-p)=—4.7 using 
the 2 function of Fock and Petrashen.? (Actually the 


4J. Van Kranendonk, Physica 29, 781 (1954). 

5 T. P. Das and R. Bersohn, Phys. Rev. 100, 1792(A) (1955); 
102, 733 (1956), and private communication. We are very much 
indebted to Dr. Bersohn and Dr. Das for informing us of their 
calculations in advance of publication. 
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values obtained from Eqs. (1) and (4) were —4.68 and 
—4.78, respectively.) Das and Bersohn used the 
analytic Léwdin® wave functions. The small difference 
between their value and ours is due to the use of the 
different zero-order wave functions. This was estab- 
lished by recalculating m,' and #,’ using the Léwdin 
function for uo’. In this case, Eqs. (1) and (4) gave 
Ya(2p—p)=—5.18 and —5.14, respectively. These 
values are in satisfactory agreement with the result of 
Das and Bersohn, within the accuracy of the numerical 
calculations. 

The second-order perturbation energy E, for the 
2p excitation due,to the external charge is given by 


E= — (48/25R°) | uo’ thy'r*dr, (S) 
0 


if EZ, is,in Rydberg units and_R is in units gg. For the 
integral of Eq. (5), to be called J, Das and Bersohn 
have obtained J=0.2792. Our value as obtained with 
the Fock-Petrashen function is J=0.2180. With the 
function #,’ calculated using the Léwdin wave function, 
we found J=0.2738, in satisfactory agreement with 
the result of Das and Bersohn. The rather large differ- 
ence between the values of J for the two zero-order 
functions uo’ (as well as the corresponding difference 
of the values of y.) is due to the fact that the Léwdin 
function is somewhat more external than the function 
of Fock and Petrashen. Thus, although the maximum 
values of #o’ which occur at r0.55ay differ very little 
[ uo’ (0.55aq) = 1.064 for the Léwdin function and 1.078 
for the Fock-Petrashen function ], there is an appreci- 
able difference in the region of large r, which is of 
primary importance for E2. Thus the Léwdin and Fock- 
Petrashen values of m#’ are, respectively: 0.217 and 
0.205 at r=2ay; 0.0481 and 0.0388 at r=3aq; 0.0092 
and 0.0065 at r=4ay. The corresponding values of 
u;' are: 0.213 and 0.189 at r=2aq; 0.158 and 0.116 at 
r=3ay; 0.068 and 0.044 at r=4ag. Since the integrand 
of £2 is proportional to u'a;' and is weighted heavily 
(xr) for large r, this small difference of the wave 
functions leads to an appreciable difference of the 
values of Eo. 
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A variation method has been developed for treating the problem of polarization of electron shells of ions 
by external charges. The induced quadrupole moment has been calculated for a number of He-like ions 
and the two Ne-like ions Al*** and Nat. For the former a shielding effect occurs, while for the latter a 
net antishielding effect is obtained in agreement with Sternheimer’s conclusions. It is possible to compare 
the results of Sternheimer’s numerical solution of the first-order Schrédinger equation with the variation 
method used here in the case of Na*. Agreement is reasonably good. 


INTRODUCTION 


TERNHEIMER,'? in a series of papers, has cal- 
culated various effects of polarization of atoms by 
extranuclear charges. In this paper, we are interested 
in the specific problem of determining the quadrupole 
moment induced in the electron shells of an atom by 
a completely external charge. Such a physical situation 
arises in a rather idealized model of an ionic crystal or 
an alkali halide molecule. Although the model is crude, 
these computations are a necessary preliminary to the 
interpretation of nuclear quadrupole coupling constants 
in alkali halide molecules and in ionic crystals.*4 
Consider the interaction energy of an external charge 
e, at a distance R from the nucleus in question with an 
electron at position 7, 6, @ with respect to the nucleus 
and the radius vector R. Expanding the energy in 
powers of r, we have 


Rext R R* 


—e —e ercosé e*r?(3 cos’??—1) 


2R' 


The first term cannot distort the electron distribution, 
the second term is responsible for the ordinary dipole 
polarization, and the third term produces a quadrupole 
polarization. Sternheimer has shown that the second- 
order effect of the dipole polarization of the electron 
shell makes a contribution to the field gradient at the 
nucleus which is negligible compared to the first-order 
contribution of the quadrupole term. Small higher order 
terms are neglected. 

The effect of the term e’r?(3 cos*?@—1)/2R* can be 
treated perturbation-wise in three mathematically dif- 
ferent ways: 

(a) Matrix mechanical perturbation theory can be 
used, as was done by Cohen.® This method suffers from 
the requirement that energies and wave functions of 


* This work was supported by the U. S. Atomic Energy Com- 
mission, contract AT(30-1)-1662. 

{ Permanent address: Institute of Nuclear Physics, Calcutta, 
India. 

1R. M. Sternheimer, Phys. Rev. 80, 102 (1950); 84, (1951); 
86, 316 (1953); 95, 736 (1954). 

2 Foley, Sternheimer, and Tycko, Phys. Rev. 93, 734 (1954). 

3 J. Van Kranendonk, Physica 20, 781 (1954). 

4F. Reif, Phys. Rev. 100, 1597 (1955). 

5M. H. Cohen, thesis, University of California (unpublished). 


excited states of the unperturbed atomic system must be 
known. 

(b) One can find the exact solution of the inhomo- 
geneous wave equation for the first-order perturbation 
of the wave function, as was done by Sternheimer and 
co-workers. This is the most accurate procedure in 
principle but in practice it is rather difficult to carry 
out. Numerical solution of the differential equation 
involves bothersome cumulative errors due to the 
finite intervals of integration. 

(c) One can use a variation method as is done here. It 
is in principle less accurate than (b) but is much simpler 
to carry out and does not involve any cumulative error. 
Moreover, where analytical wave functions are avail- 
able®’ the variational method has the additional 
advantage that it obviates numerical integration. 

The variation method has been applied to some 
He-like and Ne-like ions and in the case of Nat, where 
a value calculated by Sternheimer and Foley® is avail- 
able, the results of the two methods are in reasonable 
agreement. In the next section the variation method is 
discussed. 


THE VARIATION METHOD 


What we need to determine are those terms in the 
energy of the electrons which are proportional to Q/R’, 
where Q is the nuclear quadrupole moment. There are 
two such terms. One is the interaction of the electronic 
quadrupole moment induced in the electron shells (by 
the aspherical nucleus) with the external field gradient. 
The other is the interaction of the nuclear quadrupole 
moment with the electric field gradient arising from the 
distortion of the electron shells by the external charge. 
It is only a matter of convenience which term is cal- 
culated because both terms are numerically equal (see 
Appendix). The variation method which we have used 
gives rise to divergent integrals if the first term is used 
for s functions. We therefore have confined the calcu- 
lations to the second term. 

The process of computation consists of the deter- 
mination of (a) the induced charge density due to the 


6 P. O. Léwdin, Phys. Rev. 90, 120 (1953). 

7 Green, Mulder, Lewis, and Woll, Phys. Rev. 93, 757 (1954). 

®R. M. Sternheimer and H. M. Foley, preceding paper (Phys. 
Rev. 102, 731 (1956) ]. 
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external perturbation, and (b) the field gradient due to 
this charge density at the position of the nucleus. The 
variational method of course enters only in part (a). 
As mentioned before, the quadrupole part of the inter- 
action energy of an external charge e with an electron 
in the given ion is given by 
H,= — (3 cos*@— 1)r*/R°, (1) 
where atomic units are used throughout. 
The zero-order Hamiltonian of the electron is given 
by 
Ho=—-V+V 5; (2) 
and if # and represent r times the zero-order wave 
function and its perturbation, respectively, then we 
have the equation 
(Ho— Eo)u,= - (H,—£)) 0. (3) 


E> and E£; represent the zero-order eigenvalue and its 
perturbation, respectively, for the electron under study. 
If we now consider an s-electron, then 


uo= uo’ /V2, (4) 
where to’ is the radial part of w# and E,;=0. We therefore 
have 

(Ho— Eo) uy= — Hy. (5) 


It is evident from (5) and (1) that «, behaves like a 
d-function, (i.e., we have only an ns—d excitation of 
the s-electrons). We therefore take it of the form 


3 cos’é@— 1 
ty = —————44, 04 , (6) 
Vv 


where %},.4' is the radial part of #:,.a. We have essen- 
tially to calculate ~,.4’. But assuming for the present 
that 1,4 has been calculated and remembering that 
we have two s-electrons the charge density due to the 
perturbation is given by 


Ap=4toty,44/7’. (7) 


The field gradient at the position of the nucleus due to 
this charge distribution is 


4uotlissa 
a= f : (3 cos*@—1)dr 


r 


Stto' Urs+a’ 
e f f ——~ (3 cos*#— 1)? sinddédr 
4r° 
Uo Uis+a 


16 
a, | ——_—w. (8) 
5 a 


Similarly, if the p-electron shall be the one under 
study, then for the #, electron, 


Uo= to’ (4/$) cos8, (9) 


DAS AND R. 


BERSOHN 


and 
E\= —§R(r’), 


where 


(7?) = f uo r'dr. 


The right-hand side of (5) may now be written as 


2 
—(4/3)[$ cos*®— (9/10) cos6 }uto’ 
R 


? 


+—(4/3)X (2 COSA) tty’ 
R? 


suggesting that ™, now consists of an f-part and a 
p-part. The former is the angular np—/ excitation and 
the latter the radial np—+ excitation. Following Stern- 
heimer, we therefore take the perturbed wave function 
as 


2 
m= (VOLE cos*#— (9/10) cos6 tt p+’ 


2 
+ (vie COSA) tipsy. (12) 


The same procedure as that used above for the s-elec- 
trons may now be used for calculating the field gradient. 
If we remember that we have two p,- and two p,- 
electrons besides the two p,-electrons, it can be shown 
that the field gradient at the position of the nucleus 
due to the entire perturbed p-shell is 


Aq=—— —dr-+-— 


1008 f uo'tip.;/ 96 f Uo Mip»p 
= d: 
175 r 25 


It must be remembered that by perturbation theory, 
must in all cases be orthogonal to “. This is taken care 
of in the calculation of angular excitation like 1.44, 
etc. by the angular part of the perturbed wave function 
and in the case of #:,., by doctoring the radial part 
Uip+p as shown below. 

We now outline the procedure for calculating 1’. 
The first question is what is the form to be taken for 
the variation function? One is tempted to use the 
Hassé form® 


uy'=ato'H;(r), (14) 


where H,(r)=r°/R°, the radial part of H;. But Stern- 
heimer has shown that in the case of hydrogenic wave 
functions, where exact solutions of Eq. (3) are possible, 
the solution for #;’ contains a polynomial in r. Further, 
we have also noticed in our variation calculations that 
a form like (14) does not give a good value of the per- 
turbation energy, whereas the introduction of an addi- 


®L. Pauling and E. B. Wilson, /ntroduction to Quantum Me- 
chanics (McGraw-Hill Book Company, Inc., New York, 1935), p. 
206. 
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tional term proportional to 7, namely, 
,' = (a+r) uo'r?/R? (15) 


gives a much lower value of the perturbation energy. 
We have therefore used both (15) and 


y= (at Brt+yr?)uo'r?/R? 


for the variation function, minimizing the perturbation 
energy with respect to the parameters a, 8, and 7. In 
the case of the radial excitation np—p, we have to 
subtract a term proportional to um’ to retain the 
orthogonality of m' and up’ referred to above. The 
variation function used for the radial excitation is 
therefore 


(16) 


tty’ = (uo'/ R®)[ (at Br+yr*)r?+6 ], (17) 


where 
§=— frre +8r+~yr*)rdr= —[alr?)+A(r*?)+y(r') ]. 


We thus have the net energy given by 
‘ (uot | Hot+Hy| uo+m) 
(uo+ | up) 


SE ot Ey +(u;| Ho— Eo| uy)+2(uo| Hy! 3), (18) 


remembering that # is orthogonal to uo by virtue of 
the angular dependence of , in the case of angular 
excitation and of the adjusted orthogonality in the 
case of radial excitation. Evidently Zo and E,; do not 
involve the variation parameters a, 8 and y. We are 
mainly interested in the last two terms, which we call 
$2 and ¢,, respectively. Remembering that % obeys the 
Schrédinger equation, 


Huo= Eu, 
we have from (2), 
@ 1(l+1) 


dr? r? 


—Eot+ V|u'=0, (19) 


I referring to the unperturbed state of the electron 
shell considered. We therefore have 


1 sd? 11+) 
(Vo B)=—( -——). 
72 


Uo’ 2 


(20) 
x2 


Another relation that is useful is 


Ou! n n 
utr a= -—- fustrar- —~(r"). (21) 
or 2 2 


Using these expressions, we obtain for ¢; and ¢2 the 
expressions given below. We also give the values of y.., 
defined as the ratio of Ag and g=2/R® produced by the 
external charge. 


IONS 


ns—d.— 


16 
b1= ——L[a(r') +r) +-7(r) J, 
5R® 


o2= = 10a*{r*)+ 156%(r4)+227%(r') 
+ 24a8(r*)+ 368-y(r*)+ 28yair") J, 
Yoo= (8/5)La(r) +8+(r) J. 
np—f.- 


1008 
b= ———[alr) +805) +-o4r8)], 
175R°® 


504 
o2=— ar 140°(r2)+ 198%(r4)-+ 26y%(r5) 
a 


75 
+32a8(r*)+44By(r°)+ 36ay(r*) J, 
Y2= (504/175) [a(r)+6+(r)]. 
np—p. 


96 
¢1= ———L[a((r4)— (Xr?) +8 ((r°) 
25R® 
—(r?X9")) +7 ((r9)— Xr") J, 
48 
b2= ——[4a%Xr?) + 98(r4) + 167*Xr°) 
25R® 

+12a8(r?)+ 16ary(r*)+ 248y(r5) J, 

V0 = (48/25) [alr +B+ (7) — 57) J. 


Minimizing ¢:+¢» with respect toa, 8, and y separately, 
we get a set of 3 linear equations in a, 8, and y involving 
the expectation values of r” over the zero-order func- 
tions. These can be calculated numerically from 
tabulated Hartree or Hartree-Fock functions, or 
analytically for those atoms for which analytical ex- 
pressions for the ground-state wave functions have 
been obtained.*:7 Two checks on the correctness of the 
calculations are available. First, by the nature of the 
minimization procedure adopted, it may be shown that 
with the values of a, 8, and y obtained. 


1= —2¢2. 


Secondly, with the addition of an extra parameter the 
energy must be lowered, and the test of the convergence 
of the variation calculation is that the change in ¢;+¢2 
and in y,, caused by the addition of the last variation 
parameter should be very small. This is evident from 
Tables I, II, and III. 


RESULTS AND CONCLUSIONS 


The results of our calculation for He-like ions are 
presented in Table I. The convention regarding signs is 
that for shielding, y,, is positive and for antishielding, 
it is negative. Taking into account the negative charge 
of the electron shells, the net field gradient due to an 
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TABLE I. 1s—+d excitation in H~, He, Lit, Be*+*+, B*+**. 








Values of variation parameters Second-order energy 
a 8 Y XS5R*/8 (a.u.) 


0.3356028 0.49683608 —0.005616722 — 1008.6694 
0.5702009 0.41674636 0 — 1008.0022 
3.031221 0 0 — 839.80796 








0.0783238 0.12947099 — 0.0015542998 — 1.4297073 
0.085412538 0.12224131 0 — 1.4296427 
0.32475818 0 0 — 1.2463932 


0.03240597 0.073545278 — 0.00073421712 —0.070975891 


0.033628103 0.071487868 0 —0.070975202 
0.11837002 0 0 — 0.062528348 


0.017590145 0.051036421 — 0.00056753525 — 00095332268 
0.018071372 0.049903267 0 —0,009525101 
0.06039845 0 0 — 0.0084561937 


0.01100305 0.039098578 — 0.00042760391 — 0.002 1396438 
0.011222852 0.03843474 0 —0.0021396368 
0.03663 1084 0 0 —0.0019039642 








TABLE II. Radial and angular excitations in Na*.* 














Values of variation parameters Second-order energy 
Excitation 8 SY é Xf(R), au. 


0.07195285 ~ 0.11777345 ~~ 0.004223458 0.17376296 —0.2791560 
2p—p 0.08872469 0.10037521 0 0.1761006 —0.2790966 
0.078248157 0 0 0.22793299 --0.25510510 





0.010658300 0.086732194 0.0006978874 —0.26517411 
0.008857789 0.089170979 0 —0.26517073 
0.13814045 0 0 —0.21774832 


0.09257035 0.022473668 0.0140761 — 0.19654567 
0.060295345 0.067978521 0 —0.19593480 
0.1536525 0 0 —0.18109207 


0.002209646 0.015820508 0.0041921636 —0.0000168196 


ls—d 0.001767677 0.01878369 0 — 0.0000168140 
0.007275995 0 —0.0000145665 


Net ye 











* £(R) =(25/48)R*, for 2¢--p 
= (25/72) R$, for 2p—f 
=5/8R*, for 1s—-d and 2s-—<d. 


Taste III. Radial and angular excitations in Al***.* 











Values of variation parameters Second-order energy 
Excitation 8 y é Xf(R), au. 


0.04814817 0.0628385 —0.0002513122 0.047107345 —0.034315502 
2p-—p 0.04865026 0.06211016 0 0.047145364 —0.034315174 
0.13358910 0 0 0.059824626 —0.031967674 





0.010082868 0.057530872 0.00010218562 0 — 0.036034641 


2p—f 0.0099506844 0.057781853 0 0 —0.036034628 
0.07015586 0 0 —0.030857797 


0.070807514 0.004215303 0.14042451 —0.046054312 
0.051937413 0.038631541 0 —0.045944795 
0.09382259 0 0 —0.04420743 


0.0014044418 —0.02158402 0.092175695 — 0.000007 1858283 
0 


— 0.000007 12325 


lsd — 0.00068355194 0.028013462 
0 0 —0,0000012834662 


0.00182859 


Net ye 








® f(R) is defined in Table IT. 





QUADRUPOLE 























IONIC CHARGE 


Fic. 1. Plot of y. versus ionic charge for He-like ions. 


external charge at the position of the nucleus is a 
factor (1—y..) times the field gradient due to the 
charge alone. 

The variation of y,, with ionic charge for He-like 
ions is shown in Fig. 1. The nature of the variation is 
as expected, the more positive ions being less deform- 
able. The results of the calculations for Na+ and Al*** 
ions are given in Tables II and III. In particular for 
Nat, the total value of y., is —4.5 which is to be com- 
pared with Sternheimer and Foley’s value* of —4.1. 
The quadrupole polarizabilities’ can be simply ob- 
tained from our second-order perturbation energies. 
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APPENDIX 


We prove here the equivalence of polarization cal- 
culations in which the source of the perturbation is the 
quadrupole moment of the nucleus or the external 
charge. 

The interaction energy of the quadrupole moment of 
the nucleus with the electron, 1,;= —r°P2(6)Q, produces 


 R. M. Sternheimer, Phys. Rev. 96, 951 (1954). 
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a first-order change %#,;=%,*Q in the electron wave 
function." Also the interaction of the field gradient (due 
to the external charge) with the electron, 


H,= [—rP2(8) | RS 


produces a first-order charge in the electronic wave 
function, “;=«,*/R*. To first order in the small pa- 
rameters Q and 1/R°, the wave function is 
u= Uy+ uy", R+O1,;*. (Al) 

The Schrédinger equation is 
(Ho+Hit+H,)u= (Ect Ei t+ E))u, (A2) 


where Eo, £, and E, are the expectation values over 
uo Of Ho, Hy, and H, respectively. Separating the 
terms of first order in Q and in 1/R*, we have 


(Ho- Eo)u1= (E\- H;)uo, 
(Ho-— Eo)ti1= (E,—Al,)uo. 


(A3) 
(A4) 


Now the total perturbed energy of the electron is 
evidently 


(uot ui+iy| Hot+Hit+h, | ot y+ td1) 
Fn leanne, (AS) 
(uot uy+ ty | Moy + m1) 


Hence, to terms of second order in the two small 
parameters, 


1 
E= Eyt+—(uo| Por? | to) +Q(uto!| Por | to) 
R 


1 

+—[(uy* | Ho— Eo| uy*)— 2(uy* | Por? | m0) J 
Ré& 

+0°[( t\* | Ho- Eo! u\*)— 2 ti* Py 3] uo) | 
Bou) wr rye 

4 [{(u* Ho— Eo| ti1*)— 2(9| Po? | ti;*)} 
R8 


+ {(uy*| Ho— Eo| ti1*)— 2(uo| Por*| uy*} J. (AO) 


This expression can be simplified, by using the 
Schrédinger equations (A3) and (A4), to 


=e 
E=Eot E+ E\——{3* | Por | uo) — 0 i* | Por | uo) 
Rs 


Q 
—timel Pf | uy*)+(uo| Po | uy*) }. (A7) 


The last two terms are both interaction energies of 
the nuclear Q with the electronic shells. The next to the 
last term is the interaction of the induced electronic 
quadrupole moment with the external field gradient 
and the last term is the interaction of the nuclear Q 


The asterisk in this appendix does not mean complex 
conjugate. 





738 Ty ?. DAS 
with the field gradient induced in the electronic shells 
by the external charge. Both terms are equal if «, and 
a, satisfy the Schrédinger equations (A3) and (A4). 
If now #, and a, are not exact solutions, the energy 
(A6) exceeds the true energy but it is to be minimized. 
It is not, however, the total energy which is minimized 
and not even the term in Q/R®, but the term in 1/R°, 
which is essentially the quadrupole polarizability of the 
ion. This procedure can be defended by noticing that 
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minimizing the 1/R® energy should ultimately lead to 
a trial function #,; which is negligibly different from the 
true solution “, of (A3). If ~; satisfies (A3), then for 
any integrable function #, orthogonal to mo, 


(u;* | Ho— Eo| :*) = (uo| Por?| i*). 
The term proportional to Q/R*® in (A6) then can be 


written entirely in terms of the true #, and is therefore 
obtained correctly. 
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Paramagnetic Resonance Hyperfine Structure of Cot 


R. V. Jones, W. Dosprowotsk1, AND C. D. JEFFRIES 
Physics Department, University of California, Berkeley, California 
(Received January 3, 1956) 


The microwave paramagnetic resonance hyperfine structure of 72-day Co*®* has been observed in a mag- 
netically dilute single crystal of cobalt potassium sulfate at 20°K. From the number of hfs components and 
their spacing relative to Co®, the spin 7(Co**)=4 and the magnetic moment |u(Co**) | =3.855+0.007 nm 
are directly determined. These results are discussed in relation to those of nuclear alignment experiments 


and the nuclear shell model. 


I. INTRODUCTION 


N a recent paper,' referred to as I, the direct measure- 

ment of the spin and magnetic moment of Co® by 
microwave paramagnetic resonance was described. The 
present paper presents the results of a similar measure- 
ment of the spin and magnetic moment of 72-day Co. 
These values, as those of Co™, are of particular interest 
in connection with previous investigations of these 
nuclei by nuclear alignment and 8, y spectroscopy. 
The paramagnetic resonance of divalent cobalt ions in 
a Tutton salt single crystal is observed at 20°K in a 
conventional paramagnetic resonance spectrometer. As 
described in I, from the number of hyperfine com- 
ponents and their spacing relative to that of Co® we 
can determine respectively the spin and magnetic 
moment. For details on the crystallography of the 
Tutton salts, the Hamiltonian determining the line 
spacings, and the experimental apparatus we refer to I. 


Il. EXPERIMENTAL PROCEDURE 


The radiocobalt was produced by the Fe®*(p,7)Co** 
reaction with 12-Mev protons from the 60-in. Crocker 
cyclotron using an iron-plated water-cooled copper 
target. Two bombardments were made, the first using 
iron plated from a bath of reagent grade purity. Pre- 
liminary examination of the cobalt paramagnetic reso- 
nance hfs from this sample indicated that stable Co 
was more abundant than Co by a factor 200, un- 
doubtedly because of a cobalt impurity in the iron. 


+ This research has been supported in part by the U. S. Atomic 


Energy Commission. 
1 Dobrowolski, Jones, and Jeffries, Phys. Rev. 101, 1001 (1956). 


Since the intense Co*® hfs lines obscured some of the 
Co** hfs lines, a second bombardment was made using 
iron plated from a bath obtained by ether extraction to 
remove the trace impurity of cobalt. The radiocobalt 
was extracted from this bombarded target by a pro- 
cedure similar to that of Maxwell e/ al.,? and was added 
in the form of CoSO, to a heavy-water solution of 
ZnK2(SO,)2. A single crystal of the Tutton salt 
(Co, Zn)K2(SO4)2-6D20 was grown, weighing about 
70 mg and containing about 4 mC of Co**. The activity 
was identified as that of Co®® by observing its y-ray 
spectrum with a recording scintillation spectrometer. 
This crystal was mounted in the cavity of the para- 
magnetic resonance spectrometer with z;, the symmetry 
axis of the crystalline electric field, oriented parallel to 
the external magnetic field H, and the susceptibility 
axis K». perpendicular to the field H. The observed 
spectrum at 20°K is shown in Fig. 1. The eight hfs lines 
labeled 1, 2, ---, 8 have the g factor and spacing of Co™ 
and are due to a residual trace impurity of cobalt in the 
iron target. The nine lines labeled 1’, 2’, ---, 9’ have 
the same g factor and are thus also due to cobalt; in 
fact they are the hfs lines of Co®*, the only other cobalt 
isotope present in the sample. For the paramagnetic 
resonance transitions observed there are 27+1 hfs 
components for a nuclear spin J; thus we conclude 


I(Co**) = 4, (1) 
This interpretation is verified by rotating the crystal 
about the K» axis: the two sets of hfs lines move to- 


2 Maxwell, Gile, Garrison, and Hamilton, J. Chem. Phys. 17, 
1340 (1949). 
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Fic. 1. Paramagnetic resonance hfs of Co® and 72-day Co in magnetically dilute CoK2(SO,)2-6D.0 with the magnetic field H 
parallel to z, the axis of the crystalline electric field. The derivative of the absorption lines is displayed as a function of the field H (in 
gauss) at a frequency of approximately 9200 Mc/sec. The lines 1, 2, ---, 8 are the hfs of Co®(/=7/2), and the lines 1’, 2’, ---, 9 are 
those of Co**, showing J (Co**)=4. The lines 3 and 3’ and also 6 and 7’ overlap each other. There is another similar spectrum, less well 
resolved, at approximately twice the H field value due to the other magnetically unequivalent Co** ions in the crystal. 


gether, always with the same g factor and the same 
relative spacing. This excludes the possibility that the 
primed lines are due to spurious crystalline effects. 

As shown in I, the splitting between each component 
is proportional to u/J and hence the splitting AH 
between the outside lines is proportional to yw. For a 
series of thirteen runs taken at varying angles, the 
ratio AH(Co®)/AH(Co**) and hence the ratio of the 
magnetic moments yields 


AH (Co®)/AH (Co**) = n(Co®/u (Co**) 
= 1.20540.002. (2) 


Using Proctor and Yu’s’ value (without diamagnetic 
correction) of 4.6399 nm for the magnetic moment of 
Co, we thus obtain for the magnetic moment of Co** 


| u(Co®) | = 3.855-+0.007 nm. (3) 


Unfortunately this technique does not allow a determi- 
nation of the sign of the magnetic moment. 


III. DISCUSSION 


Gallaher, Poppema, and associates,‘ combining the 
results of the 8, y spectroscopy experiments of Sahai 
et al.° and of their own nuclear alignment experiments, 
have formulated a decay scheme for the Mn**-Co*®-Fe®* 
system. In the alignment experiments of the Leiden 
group, the spin and parity of the initial and final states 
in a radiative transition and the magnetic moment of 
the originally aligned nucleus can be inferred from the 
anisotropy of the y radiation and its defendence on 
temperature. In this scheme, the most probable value 
of the spin was found to be /(Co**)=4; however, J=5 
was not definitely excluded. They also found a magnetic 
moment yu(Co**)=2.8+0.9 nm. The accuracy of the 
moment determination is limited, among other things, 
by the inability to establish the exact relationship of 
the magnetic temperature scale 7* to the thermo- 
dynamical temperature scale 7. Perhaps our direct 
accurate value of the moment will help to establish 
this relationship. 


3 W. G. Proctor and F. C. Yu, Phys. Rev. 81, 20 (1951). 

4 Gallaher, Whittle, Beun, Diddens, Gorter, and Steenland, 
Physica 21, 117 (1955); Poppema, Siekman, Van Wageningen, 
and Tolhoek, Physica 21, 223 (1955). 

5 Sahai, Dick, Anderson, and Kurbatov, Phys. Rev. 95, 101 
(1954). 


We have also compared our results to those expected 
from a simple nuclear shell model.* The fact that Co** 
has 27 protons means that we have a single nucleon 
vacancy in the f72 shell which is completed with 28 
nucleons, and the fact that it has 29 neutrons means 
that we have a single nucleon in the 3/2 shell. The spin 
of the nucleus compounded from these two configura- 
tions should have, according to Nordheim,’ a value of 
2, 3, 4, or 5, and probably />3. As in I, we calculate 
the nuclear g-factor for jj coupling on the following 
simple assumptions. 


(a) Schmidt-limit g values: 
gp=1.655 and g,=—1.275. 
(b) Dirac-limit g values: 
Zp=1.143 and g,=0. 
(c) Empirical g values: Using the g-factors of neigh- 
boring Co® and Cr*, we find 
gp=1.3257 and g,=—0.3157. 


The magnetic moments calculated in this way are 
compared to the experimentally measured values in 
Table I. The reasonably good agreement indicates that 


TaBLe I. Comparison of «(Co**) values. 








Calculated moments 


Dirac 
limit 


Experimental moments 


Nuclear Hyperfine 
alignment structure 


Schmidt 
limit 


+4.276nm +3.658nm +3.9896 nm 


Empirical 








2.840.9 nm 3.855+0,007 nm 





the assumed assignment of nucleon configuration is 
probably correct and the parity of the Co®® ground 
state is probably even, i.e., odd (7/2) X odd (3/2) = even. 
Furthermore, we would expect the magnetic moment 
to be positive. 
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Energy Levels of Pu**® Populated by the Beta Decay of Np***t 
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Radiation Laboratory and Department of Chemistry, University of California, Berkeley, California 
(Received January 16, 1956) 


The conversion electron spectrum arising from the beta decay of 2.3-day Np* has been studied with 
three 180° permanent magnet photographic spectrographs. The following transitions, with multipolarities 
where known, were observed (energy in kev) : 44.64 (M1+E2), 49.40 (M1+£2), 57.25 (E2), 61.4 (E1), 
67.82 (£2), 106.1 (£1), 106.4, 181.8, 209.9 (M1), 226.4, 228.4 (M1), 254.6, 273.1, 277.7 (1), 285.6, 316.1, 
and 334.5. Gamma-gamma coincidence experiments have also been performed. It is necessary in order to 
account for the present data to modify the previously accepted level scheme for Pu; a revised scheme is 
presented, with spin and relative parity assignments. The energy and intensity data are discussed in terms 


of the Bohr-Mottelson unified nuclear model. 


A rough measurement of the Auger coefficient in Z= 94 is reported, and also an experimental value for the 


K-electron binding energy in plutonium is given. 





I. INTRODUCTION 


XCITED states of the Pu nucleus may be popu- 

lated by three radioactive decay processes: beta 

decay of Np™, alpha decay of Cm**, and electron 
capture of Am™. 

The beta decay of 2.3-day Np* has been studied by 
several groups.’ Although the results of these re- 
searches have been reported only briefly in the litera- 
ture, it seems reasonably certain that there are four or 
five beta groups leading to levels in Pu’. In addition, 
Graham and Bell? have reported the existence of a 
metastable level with a half-life of 1.1X10~* second. 
More recently, Engelkemeir and Magnusson® have 
published their results on a metastable level of 0.19- 
microsecond half-life. In addition, there are a large 
number of gamma-ray transitions.® 

The alpha decay of Cm™ has been investigated by 
Asaro, Thompson, and Perlman’ who employed a 
magnetic alpha spectrometer and alpha-gamma coin- 
cidence techniques. The results of their experiments 
also define several of the Pu levels. 

There are at present few spectroscopic data on the 
electron-capture decay of Am*®. 

The level scheme of Pu*® would appear to present 
an interesting case for interpretation within the frame- 
work of the Bohr-Mottelson unified nuclear model. 
The ground-state spin of 1/2 for Pu (measured by 
Bleaney ef al.*) suggests that in this case the spacings 

¢ This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 

* Present address: Indiana University, Bloomington, Indiana. 

t On leave from the University of Notre Dame, Notre Dame, 
Indiana. 
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between rotational levels may be ‘“anomalous.’® Such 
anomalous bands have not yet been identified among 
the odd-mass isotopes of the heavy (Z>92) elements. 

The existence of two levels with measured half-lives, 
and the advancement of the theory to the point where 
one can predict transition probabilities (the K-selection 
rules, etc.) make the determination of multipole orders, 
the assignment of level spins and parities, and the 
determination of gamma-ray transition intensities both 
interesting and vital. 


II. EXPERIMENTAL PROCEDURE 


The Np samples were prepared by irradiation of 
approximately one-gram amounts of U™® for eight 
hours in the Livermore reactor. 

Three flat 180° permanent magnet spectrographs, 
which photographically record all the electron lines 
simultaneously, were used in this work. These spectro- 
graphs have moderately high resolution, a feature which 
was important because of the large number of electron 
lines per energy interval. The spectrographs have 
fields of approximately 53, 99, and 215 gauss and have 
been described previously by Smith and Hollander.” 
Calibration of the spectrographs consisted in the deter- 
mination of the effective magnetic fields at various p 
values using conversion electron lines of gamma transi- 
tions whose energies have been accurately determined. 
Conversion lines of I'*! and Am™! were used in the 
calibration."-" A resolution Ap/p of 0.13% has been 
obtained in the 53-gauss spectrograph and 0.17% in 
the 99-gauss spectrograph. 

Eastman No-Screen x-ray film on ?X15X0.040 in. 
glass backing was used to record the electron lines; the 
determination of the relative intensities of these lines 


*A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. 
Selskab, Mat.-fys. Medd. 27, No. 16 (1953); Beta and Gamma Ray 
Spectroscopy edited by K. Siegbahn (Interscience Publishers, 
Inc., New York, 1955), p. 468. 

%W. G. Smith and J. M. Hollander, Phys. Rev. 101, 746 

1956). 

( 1H. C. Hoyt and J. W. M. DuMond, Phys. Rev. 91, 1027 

1953). 

#2P. P. Day, Phys. Rev. 97, 689 (1955). 
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Fic. 1. Reproduction of elec- 
tron spectrogram of Np, 
taken on 100-gauss spectro- 
graph. 


has been done by a densitometer method described 
previously.” 

The following procedure for neptunium purification 
was suggested by W. M. Gibson. The uranium target 
material was dissolved in concentrated hydrochloric 
acid with the addition of a minimum amount of con- 
centrated nitric acid; zirconium, barium, strontium, 
and cadmium carriers were added. Neptunium was 
reduced to the tetrapositive state by the addition of 
ferrous ion. Phosphoric acid was added to precipitate 
zirconium phosphate, which carried the neptunium. The 
precipitate was dissolved in 1M HNO; plus 4M HF, and 
lanthanum fluoride was precipitated carrying the nep- 
tunium. The lanthanum fluoride was dissolved in boric 
acid plus nitric acid, and lanthanum hydroxide was 
precipitated with ammonia. The lanthanum hydroxide 
was dissolved in concentrated hydrochloric acid; 
1M NH.OH, SnCl:, and 5M KI were added, and the 
solution was heated in a water bath to ensure that the 
neptunium was in the tetrapositive state. The hydrogen- 
ion concentration was adjusted to 1M, and the nep- 
tunium was extracted into thenoyltrifluoroacetone 
(TTA) for ten minutes. The neptunium was then back- 
extracted into 8M HNO. 

The nitric-acid solution was evaporated to dryness, 
and the neptunium activity was dissolved in 0.5 ml of 
ammonium-oxalate solution (40 g/l) which had been 
made slightly acidic with nitric acid. The solution was 
placed in a platinum electrolysis cell which utilized a 
10-mil platinum wire as the cathode upon which the 
neptunium was electrodeposited.” The active wires 
were mounted in a source holder whose position in the 
camera could be adjusted and reproduced within several 
mils. 

As a check on the radiochemical purity of the source, 
the decay of one of the purified neptunium fractions was 
followed for ten half-lives in a Geiger-Miiller counter 
with no evidence of the presence of any activity except 
Np**. The observed half-life was 2.3 days, in good 
agreement with previous measurements.® 


Ill. EXPERIMENTAL RESULTS 


A reproduction of one of the spectrograms is shown 
in Fig. 1. The electron data are summarized in Table I, 
which presents the measured electron line energies, 
their shell or subshell assignments, and their relative 
intensities as measured with the densitometer. (The 
absence of an intensity figure indicates that the line 
was too weak for quantitative measurement.) It is seen 


that the internal consistency of the transition energies 
(electron kinetic energy plus atomic binding energy") 
is of the order of 0.1%; the absolute error is estimated 
to be <0.3%,. One is able to set up a series of energy 
sums of these transitions, given in Table II, which 
imply two partial level schemes, one being the inver- 
sion of the other. The coincidence data of Graham 
and Bell? and the coincidence and alpha particle data 
of Asaro, Thompson, and Perlman’ make one choice 
unique, in showing that the three intense transitions 
(210, 228, 278 kev) originate from a common level. 
This partial level scheme is shown in Fig. 2. 

The 61- and 106-kev transitions have previously been 
assigned as E1 transitions on the basis of their total L- 
shell conversion coefficients.* From our present data on 
the Z and M subshell conversion ratios, it is possible 
to assign the multipolarities and multipole mixing 
ratios (or limits) of the other strong transitions. From 
these data and the theoretical conversion coefficients 
of Rose, one can then compute the total transition 
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Fic. 2. Partial level scheme of Pu. 
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TaBLe I. Conversion electron data for Np*. 
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intensities. This information is summarized in Table III. 
It should be pointed out that there is considerable 
uncertainty in the intensity values for electron lines of 


TaBLeE II. Energy sums of transitions following 
beta decay of Np™ 








49.4+228.4=277.8 
67.8+-210.0= 277.8 
crossover =277.7 
49.4+273.0=322.4 
67.8+254.6= 322.4 
277.8+ 44.6=322.4 
277.8+ 44.6+ 61.4 
277.8+-106.1 
67.8+-316.1 
49.4+-334.5 
277.8+-226.4 
277.8+ 44.6+181.8 
57.254+-228.4 
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(b) 


(c) 


AWWW ool 





>I, Bergstrém and R. D. Hill, Arkiv Fysik 8, 2, 21 (1954). 


energy <40 kev. However, the intensity ratio of the 
three L lines of a given transition should be fairly 
accurate. Since the emulsions employed are not yet 
fully calibrated, we also feel that the intensity ratio we 
obtain directly for the three high-energy transitions 
(210, 228, 278 kev) may not be reliable. But by com- 
bining the data of Slitis,! Schooley,'® and our ratios for 
electron lines close together in energy, we are able to 
arrive at K-line intensities for these transitions which 
are probably reliable. 

The level scheme of Fig. 2 can account for all the 
strong transitions observed in the decay of Np* except 
the very intense 57.3-kev gamma ray. It had previously 
been assumed that this gamma ray fed the (X 
+278-kev) level in parallel with the 44.6-kev gamma; 


16 J. F. Schooley, University of California Radiation Laboratory 
Report UCRL-3038, June, 1955 (unpublished). 
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however, in their study of the alpha decay of Cm, 
Asaro et al.” have seen no indication from alpha particle 
energy differences of a level at (X+333 kev). But be- 
cause of the wide variation of inherent alpha-decay 
rates in odd-A nuclei, this fact in itself was not con- 
sidered sufficient evidence that such a level does not 
exist. In the present study of Np* several pieces of 
evidence, both experimental and theoretical, have been 
obtained which strongly suggest that the 57.3-kev 
gamma ray does not originate at a 333-kev level but 
that it is due to a direct transition from a 57.3-kev level 
to the ground state of Pu. This evidence can be 
summarized as follows: 

1. Experimental.—It is necessary in order to obtain 
an incoming-outgoing intensity balance at the level 
fed by the 228.4-kev gamma ray to postulate either that 
our intensity figures are wrong by a factor of five, or 
alternately that another transition several times the 
intensity of the 49.4-kev transition de-excites this level 
in parallel with the 49.4-kev gamma ray. Since we feel 
that our intensity measurements are reliable to better 
than a factor of two, the second alternative is preferred, 
and especially so since the 57.3-kev transition has 
enough intensity within the experimental error to 
effect such a balance. This new interpretation thus 
defines the first excited state of Pu*® to be 7.85 kev 
above the ground state and raises the energy of each of 
the previously known levels by that amount. Also, a 
weak gamma ray of 285.6 kev can now be assigned as 
the crossover from the (277.8+7.9=) 285.7 kev level, 
in competition with the 210.0-, 228.4-, and 277.7-kev 
gamma rays.'® 

2. Theoretica!.—With the level sequence 0, 7.85, 
57.25, and 75.67 kev, it is possible to obtain very good 
agreement with the energy ratios predicted by the 
Bohr-Mottelson formula for an “anomalous” K=1/2 
rotational band with ground-state spin J=1/2. One 


TaBLE III. Transition data. 








Total 
Transition electron 
energy intensity® 
(kev) (relative) 
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Conversion intensity 
coefficient¢ Ne+Ny 


large (8z =75) ~300 
large (82 =55) 475 
large (az =190) 1275 
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Multipole order> 


M1 (80%) +E2 (20%) 
Mi (70%) +E2 (30%) 
E2 (M1 <5%) 

1 





~300 


F2 (predominantly) 
E 


M1 (E2 <30%) 
M1 (E2 <20%) 


277.8 M1 (E2 <10%) 








® We have taken L/(M +N) ~3. 

> Multipole orders and mixing ratios have been obtained from L sub- 
shell internal conversion data. 

¢ All conversion coefficients in parentheses are the theoretical values of 
Rose.4 

4d Experimental value obtained by using our observed ratio of ez1(61)/ 
ex (total) =0.003 and the value 7(61)/K x-ray (total) of 0.08 determined 
by Day, as reported by Engelkemeir and Magnusson.5 

¢ Experimental values of Engelkemeir and y amon 5 

f We have taken K210: Koos: Kem =1.0: 2.8: 2.0, 


16 We have recently learned that a similar conclusion about the 
first excited state of Pu*® has been reached by J. O. Newton 
(private communication to J. O. Rasmussen, October, 1955) on 
the basis of Coulomb excitation experiments. 
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Fic. 3. Level scheme of Pu®®. 


cannot obtain agreement using the previous level 
sequence 0), 49.4, 67.8 kev. The interpretation of the 
present results in terms of the unified nuclear model 
will be discussed further in a later section. 

Two weak gamma rays of energies 181.8 and 226.4 
kev are seen whose energy difference, 44.6 kev, sug- 
gests that the 181.8- and 44.6-kev gamma rays are 
in coincidence and that the 226.4-kev ray is the cross- 
over. Since the energy difference alone does not indicate 
the order of emission of the two gamma rays, the level 
so established could be located either at 512.1 kev or by 
inversion at 103.9 kev. In order to choose between these 
alternatives, D. Strominger has kindly examined the 
gamma-gamma coincidence spectrum of Np” with a 
50-channel scintillation coincidence spectrometer.!” The 
two sodium-iodide crystals were placed at 180° with 
respect to each other; 1.4 g/cm? of cadmium absorber 
were used on the single-channel side, and 0.7 g/cm? of 
cadmium absorber was used on thé 50-channel de- 
tector. The chance rate was ~10 percent of the true 
coincidence rate. With the gate set for ~280-kev radia- 
tion, the coincidence spectrum showed a peak at ~230 
kev, establishing that the 278-kev gamma ray is in 
coincidence with a gamma of ~230 kev. Also, with the 
gate set to accept ~230-kev radiation, the coinci- 
dence spectrum showed peaks at ~230 and ~275 


17P. Strominger and J. O. Rasmussen, Phys. Rev. 100, 844 
(1955). 
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kev in the ratio of about two to one, which is the ratio 
expected if the 226-kev gamma originates at a 512- 
kev level and feeds the 286-kev level. The energies 
of the gammas which were observed to be in coinci- 
dence rule out the possibility that any of these are 
backscattered radiations. The existence of the 512- 
kev level thus seems well established. The amount of 
population of the 512-kev level relative to that of the 
392-kev level was also determined from the ratio of 
106-kev gammas to 226-kev gammas in the (278-kev 
gate) coincidence spectrum. The intensity of K x-rays 
(~100 kev) from the internal conversion of the 181.8- 
and 226.4-kev gammas is negligible compared to the 
intensity of the 106-kev gamma. The experimental 
ratio (1067/2267) was found to be ~40, which when 
corrected for internal conversion, yields a population 
ratio (512-kev level/392 level) of ~0.1. 

The data presented above define seven excited states 
of Pu*® and allow the placement of sixteen transitions 
between these levels with an energy consistency of 
about 0.1%. The only gamma ray not included in 
the scheme is the weak 106.4-kev transition.§ 

The level scheme which we feel best fits the present 
experimental data is presented in Fig. 3. The assign- 
ment of spins, parities, and the K-quantum numbers is 
discussed in the following sections. 


IV. SPINS AND PARITIES 


The ground state (A) of Pu*® has a spin 1/2. The 
level at 57.3 kev (C) depopulates directly to the ground 
state by a transition which is predominantly £2. By 
ordinary selection rules, the fact that M1 radiation is 
not observed would indicate AJ=2 and hence the 
spin of level C would be 5/2. However, if other selection 
rules are operating to prohibit or greatly hinder M1 
radiation then a spin of 3/2 is not impossible for level 
C. (One could not, however, invoke the K-selection 
rules to explain the prohibition of M1 radiation in a 
transition from a state J=3/2 to a state J=1/2, since 
K forbiddenness requires AK> ZL where L is the multi- 
pole order, and in this case the maximum possible AK 
is unity.) On the basis of present knowledge we prefer 
spin 5/2 (same parity as A) for level C. 

The spin selection rules allow assignments of 3/2, 
5/2, or 7/2 for level B because of the fact that transition 
CB is an M1+ £2 mixture. The spin of level D remains 
similarly undefined because one has multipolarity 
information only about transition DB. 

Although one cannot obtain unique spin assignments 
of levels B and D on the basis of multipolarity informa- 
tion alone, it is tempting to postulate that states A, 
B, C, and D constitute a rotational band with the 
fundamental level at the ground state. Since the ground- 
state spin is 1/2, the spins of B, C, and D would be 
3/2, 5/2, and 7/2, respectively (same parity as ground 

§ Note added in proof.—Lefevre, Kinderman, and Van Tuy], 


Phys. Rev. 100, 1374 (1955) report y rays of 440 and 490 kev. 
These probably correspond to transitions HB and HC. 
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state). One can then check the experimental data with 
the theoretical predictions of the Bohr-Mottelson for- 
mulation’ to see if a consistent picture is obtained. 

The rotational energy levels for an “anomalous” 
I=1/2 band are given by the equation 


he 
Bre Et +a) 


where $¥= moment of inertia and 7=spin of rotational 
level. Using the values 7.85 and 57.25 kev, respectively, 
for the energies of the 3/2 and 5/2 levels, one obtains 


h?/2%=6.25 kev, a=—0.58. 


Using these values for the coefficients one predicts an 
energy for the J=7/2 level of 75.6 kev in excellent 
agreement with the experimental value 75.7 kev. It is 
interesting to note also that the value 6.25 kev for the 
splitting constant #?/2% is very similar to the value 
6.20 kev found '* for the K=5/2 band in Np*’, but is 
somewhat smaller than the value 7.37 kev found for 
the K=0 band in Pu™*. This is in accord with the 
expectation that this quantity for odd-A nuclei should 
be less than for neighboring even-even nuclei.® 

This value of #?/2% gives an additional measure of 
confidence in the interpretation of these levels in 
Pu as a K=1/2 rotational band. If one makes a 
similar calculation using the previous accepted level 
scheme one finds #?/2S$=10.1 kev which is decidedly 
high; further, one would predict from such an energy 
sequence that the 7/2 level would lie at 183 kev; such 
a level has not been found. 

Level E at 286 kev decays to levels B, C, and D by 
three gamma ray transitions which are predominantly’ 
(if not entirely) M1.|| If one assumes the correctness of 
the above spin assignments then the spin of state E is 
unambiguously 5/2 (same parity). A gamma-gamma 
angular correlation measurement on (106) and (278) 
would yield valuable data regarding the spin of level £. 

The most intense transition leading from level F at 
330 kev is FE (44.64 kev), which is an M1+E2 mix- 
ture. In the absence of multipole order data for transi- 
tions FD (254.6 kev) and FC (273.0 kev), however, the 
configuration of level F cannot be specified further than 
3/2, 5/2, or 7/2 (same parity). Ordinarily, one might 
eliminate the choice of 3/2 because of the absence of 
transition FB, but it is probably best not to over- 
extend such arguments. The spacing between levels E 
and F is about correct for a normal K=5/2 rotational 


a Smith, and Rasmussen, Phys. Rev. (to be pub- 
lished). 

|| Note added in proof—Asaro, Thompson, and Perlman (see 
reference 7) have obtained for the transitions of 278, 228, and 
210 kev the following K-conversion coefficients: 1.2+0.1; 2.6 
+0.5, and 2.1+0.4, respectively, using our ratio of K-conversion 
line intensities. Allowing for a correction, due to finite size of the 
nucleus, to the M1 conversion coefficients, one may feel reasonably 
sure that an assignment of E1+M2 multipole order for these 
transitions is unreasonable, in view of the measured half-life of the 
level from which these transitions originate. 
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band with spins 5/2, 7/2, etc., and corresponds to a 
value 6.38 kev for the splitting constant, which is 
reasonably close to that found for the ground-state 
band. We thus favor /=7/2 for level F. 

Transitions GF and GE have been assigned as electric 
dipoles on the basis of their experimental Z conversion 
coefficients (see Table IIT). Thus level G must have 
spin 5/2 or 7/2 (opposite parity). This level is popu- 
lated directly in about 50% of the Np beta dis- 
integrations; if one accepts the measured” spin of 
1/2 for Np, then level G in Pu cannot have so high 
a spin as 7/2, and must be 5/2. However, a serious dis- 
crepancy between the present data and the value 1/2 
for the spin of Np*® seems unavoidable; the fact that 
the parity of level G is different from that of level E 
means that beta decay to one or the other of these 
levels would be second forbidden; whereas, in fact, both 
beta branches proceed with log/t values in the range 
6.5-7.0 and account for ~90% of the Np disinte- 
grations. These difficulties would be removed if the 
spin of Np*® were 3/2 or 5/2, in which case the spin of 
level G in Pu could be either 5/2 or 7/2 (opposite 
parity from ground state). It is also interesting to note 
the slowness of beta decay to the levels of the ground- 
state rotational band. Using a figure of ~5% beta 
branching to the low-lying states, one calculates a 
log ft of ~9 which is significant because states with such 
a wide range of spin values (J=1/2 to J=7/2) are 
available as final states in beta decay. If the spin of 
Np”* were 5/2, one might explain the slowness of beta 
decay to the K=1/2 band on the basis of the K-selec- 
tion rule which would allow only beta decays with 
AI >2. 

Level H decays by two transitions which are prob- 
ably dipoles, hence this state may have spin 5/2 or 7/2. 

It should be emphasized that the above assignments 
of spins and parities are consistent with the multi- 
polarity data but are by no means experimentally 
proved. The level scheme is based to a considerable 
extent on the fact that the lowest four levels seem to 
have the properties expected of a Bohr-Mottelson 
K=I=1/2 rotational band.’ 

Finally, an obvious but crucial test of this decay 
scheme would be the search for strong M and N con- 
version lines of the 7.9-kev transition, which should 
take place in ~ 75% of the disintegrations. 


V. GAMMA-RAY TRANSITION PROBABILITIES 


The unified model, which describes the features of 
rotational states in strongly deformed nuclei, also 
implies definite and simple rules governing the relative 
strengths of gamma transitions within a rotational 
band or those from a given nuclear state to the various 
members of a rotational band. These rules are presented 
by Alaga, Alder, Bohr, and Mottelson.” In addition to 

19 J. G. Conway and R. D. McLaughlin, Phys. Rev. 96, 541 
Taken: Alder, Bohr, and Mottelson, Kgl. Danske Videnskab. 
Selskab, Mat.-fys. Medd. 29, No. 9 (1955). 
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the usual total angular momentum (J) and parity (7) 
quantum numbers, each state is characterized by the 
projection value of J on the axis of nuclear symmetry ; 
this new quantum number is called K, and is equal to 
or less than J. The extent to which K is a “good” 
quantum number will depend, in each instance, upon 
the degree of validity of the approximations made in 
the theoretical derivation, for example, the assumption 
that the rotational motion can be treated independently 
of the intrinsic motion. Since these approximations are 
expected to be most nearly valid in this region of large 
nuclear deformations, it is of interest to compare 
the experimental observations concerning the gamma 
ray transition rates in Pu with those predicted 
theoretically. 

Rasmussen ef al.,” in their study of the energy levels 
of the neighboring even-even nucleus Pu**, have found 
that the K-selection rules are able to account for several 
observations which find no explanation by ordinary A/ 
selection rules, for example, the absence of M1 radiation 
in a transition between states where AJ=0, no. (In 
that instance, AK=2, and the selection rule AK <L 
therefore forbids M1 radiation, while £2 radiation is 
allowed.) 

There are several places where the present data on 
Pu allow a comparison between theory and experi- 
ment. First, one can examine the transition rates within 
the ground state rotational band, which has K=1/2. 
The intensity rules as given by Alaga ef al.” for the 
reduced transition probability ratio for the emission of 
a given multipole radiation from a state 7 to different 
members, /, /’, of a rotational band are 


B(L,I: Tj) (IK AK;—K)|IcL1 Ky 
B(L,I;— Ty) [IedLKAK;—Ko|UL1 Ky} 


where [/;LK;(K;—K,)|1;L1,K;] is the vector addition 
coefficient for the addition of the angular momenta /; 
and L to form the resultant J;. These coefficients have 
been tabulated by Simon.” These rules predict that the 
E2 components of the 57.3- and 49.4-kev gamma rays 
from the 5/2 state to the 3/2 and 1/2 states, respec- 
tively, should compete with each other in the ratio 3.5. 
The experimental ratio of reduced gamma transition 
probabilities, obtained from the data of Table III by 
correction for conversion coefficients and by the re- 
moval of the fifth-power energy dependence, is 3.2 
+~1.0. The rules also predict that the ratio of intrinsic 
E2 gamma-transition probabilities from the 7/2 state 
to the 3/2 and 5/2 states, respectively, should be ~10. 
Correcting for the energy dependence, the observed 
ratio should be ~1000. Although we do not know what 
to expect for the M1 transition rate between the 7/2 
and 5/2 states, it is perhaps not surprising that we have 
not observed this transition (18.4 kev) while the 67.8- 

*! Rasmussen, Stephens, Strominger, and Astrém, Phys. Rev. 
99, 47 (1955). 

® A. Simon, Oak Ridge National Laboratory Report ORNL- 
1718 Special, June, 1954 (unpublished). 
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kev transition between the 7/2 and 3/2 states is quite 
strong. 

One has next the very interesting level at 286 kev, 
which we have postulated (on the basis of multipolarity 
and energy data) to be the base state of a K=5/2 
rotational band. This level has a measured lifetime of 
1.1X10~* second.’ If one calculates the partial gamma- 
ray lifetimes of the'210- and 278-kev M1 transitions 
which partially depopulate this level one finds that 
they are quite slow; in fact, the ratio of observed life- 
time to that calculated from the Weisskopf single- 
proton formula is about 10‘ in each case. This hindrance 
of M1 radiation finds a natural explanation from the 
fact that transitions between the upper (K=5/2) and 
lower (K=1/2) bands involve a AK of two. Since the K 
selection rule demands that AK <L, M1 transitions 
between these two bands are forbidden; if the selection 
rules were completely rigorous, only E2 radiation would 
be observed. But as Alga ef al.” point out, small devia- 
tions from the rotational wave functions may serve to 
relax the K selection rule, which then acts to re- 
tard rather than completely eliminate the forbidden 
multipole. 

We have attempted to explore, by means of the in- 
tensity rules, the nature of the small wave function 
admixtures by which the slow M1 radiation arises. It 
is possible that the M1 radiation proceeds because of a 
small amount of K= 3/2 character in the initial state or 
alternatively because of some K=3/2 character in the 
(nonground) levels of the K= 1/2 band. The theoretical 
reduced transition probabilities of the 210-, 228-, and 
278-kev M1 transitions are calculated to be 


Ki K; B(210y): B(228y): B(278y) 
3/2 1/2 0.3: 1.0:0.9 
5/2 3/2 0.2: 1.0: 2.3 


The experimental ratio of reduced transition proba- 
bilities, 0.4:1.0:0.8, agrees fairly well with those 
calculated with K;=3/2 and K;=1/2. Thus, even 
though the upper band is principally K=5/2, the M1 
photons which (slowly) de-excite this level undergo 
branching as if they originated from a K;=3/2 level. 
(The second possibility, K;=5/2 and K;=3/2, seems 
unlikely in view of the disagreement with the experi- 
mental ratios. However, in this calculation we have 
assumed a constant mixing ratio in the three final 
states; since this is probably not a valid assumption” 
we cannot conclusively rule out this possibility.) 

Level G is the only state of different parity from the 
ground state which has been identified in Pu. This 
state de-excites principally by two gamma rays of 61.4 
and 106.1 kev to the upper rotational band and by weak 
photons of 316 and 335 kev to the 5/2 and 7/2 levels 
of the K=1/2 band. The half-life of the level G is 0.19 
usec,® which corresponds to partial lifetimes for the 61- 
and 106-kev transitions of some 10’ times the single- 


% A. K. Kerman, Kgl. Danske Videnskab. Selskab, Mat.-fys. 
Medd. (to be published). 
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proton estimate.“ A further comment may be made 
about the 316- and 335-kev gamma rays: These high- 
energy radiations are so weak relative to the 106-kev 
gamma ray that although we have no quantitative 
intensity estimates for them it is obvious that they 
are much more hindered than the 106-kev transition. 
This may indicate that the K-quantum number of the 
odd parity state is 5/2 or 7/2, since in that event E1 
transitions to any level in the K=1/2 band will be K 
forbidden. An attempt was made to ascertain the K 
value of this state by a comparison of the experimental 
reduced 1 transition probabilities of the 61.4- and 
106.1-kev transitions with those expected for various 
values of K; (assuming K;=5/2), but the theoretical 
predictions were in this instance not sufficiently sensi- 
tive to K; to overcome the large uncertainty in the 
experimental ratio. 


VI. ESTIMATE OF AUGER COEFFICIENT FOR Z=94 


We have observed the K-X-Y Auger electrons re- 
sulting from the K conversion of the intense 210-, 228-, 
and 278-kev gamma rays. Because of the high fluores- 
cence yield, these lines are very weak compared with 
the conversion lines. However, by making a crude esti- 
mate of their intensities, we arrive at the figure 


(total Auger int.)/(total K-line int.) =0.02, 


which is directly the Auger coefficient. This figure, 
although rough, is of the order of the expected value 
for high Z.”* 


Vil. BINDING ENERGY OF K-ELECTRONS IN Z=94 


There is an appreciable uncertainty in the K-shell 
electron binding energies for the very heavy elements.” 
If we assume that the absolute uncertainty in the L- 
shell binding energies is small, we can utilize our 
accurately measured K—L shell energy differences to 
arrive at a figure for the K-shell energy. From the 
present data, our best value for the K-shell binding 
energy in 94Pu is 121.8 kev, which is the value given by 
Cauchois.”® 


VII. ACKNOWLEDGMENTS 


We are deeply grateful to Professor John O. Ras- 
mussen for the extensive assistance he has given us, 
especially with regard to the theoretical interpretation 
of the data. We wish to thank also Mr. D. Strominger 
for performing the coincidence experiments and Mr. 
F. J. Shon and others at the University of California 
Radiation Laboratory at Livermore for performing the 
pile irradiations. It is a pleasure to acknowledge the 
encouragement and interest of Professor Glenn T. 
Seaborg in this work. 

%S. A. Moszkowski, in Beta and Gamma Ray Spectroscopy, 
edited by K. Siegbahn (Interscience Publishers, Inc., New York, 
1955), Chap. XIII. 

25 P. R. Gray and G. T. Seaborg (to be published). 


% Y. Cauchois, J. phys. radium 13, 113 (1952). See also G. L. 
Rogosa and W. F. Peed, Phys. Rev. 101, 591 (1956). 





PHYSICAL REVIEW VOLUME 


102, NUMBER 3 
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The 44-minute californium alpha emitter previously thought to be Cf* has been reassigned to mass 
number 245 on the basis of milking experiments, excitation functions, cross bombardments, and decay- 
scheme studies. Californium-245 decays by the emission of (7.11+-0.02)-Mev alpha particles (~30%) and 
by orbital electron capture (~70%). The new isotope Cf was also identified and found to decay by the 
emission of (7.17+-0.02)-Mev alpha particles with a half-life of 254.3 minutes. The mass assignment of this 
isotope was established by its genetic relationship to Cm* and by the excitation function for its formation 


by the (a,4n) reaction on Cm™. 





ECENT studies on the 44-minute isotope of cali- 

fornium previously assigned to mass number 244 

have indicated that this assignment is in error and that 

the isotope is most probably of mass number 245. No 

other isotope of californium has hitherto been associated 
with mass number 245. 

This isotope was first produced by Thompson et al.! 
in 1950. It was chemically identified as an isotope of 
californium and shown to decay by the emission of 
7.1-Mev alpha particles. Further work has confirmed 
the 44-minute half-life and established the energy of 
the alpha particles as 7.11+0.02 Mev. The original 
mass assignment was chosen from the three possible 
mass numbers of the isotopes of californium that would 
have been produced in the alpha-particle bombardments 
of Cm™?, namely Cf*:2“.245, Mass 244 was chosen with 
reference to the systematics of alpha radioactivity and 
in view of the short half-lives toward electron capture 
that were predicted for Cf“ and Cf™® at that time. 
Because of the small amounts of the isotope that could 
be produced with the limited amounts of target material 
available in 1950, attempts to establish its genetic 
relationship to Cm™° were unsuccessful. 

The recent development of recoil collection tech- 
niques in the bombardment of transuranium isotopes? 
and improvements in the speed of chemical separations 
have made possible the further production of this 
isotope in much larger amounts. These bombardment 
techniques have also made possible several experiments 
that were excluded previously by the necessity of 
separating the product from the entire target. 

Samples of curium consisting mostly of Cm** (95%) 
and containing smaller quantities of heavier curium 
isotopes were bombarded with intense alpha beams in 
the 60-inch cyclotron of the Crocker Laboratory, by use 
of the specially designed deflector channel probe. The 
product nuclei recoiling from the target were collected 
on thin gold foils. These foils were dissolved and the 


t This work was done under the auspices of the U. S. Atomic 
Energy Commission. 

1 Thompson, Street, Ghiorso, and Seaborg, Phys. Rev. 80, 790 
(1950). 

2 Ghiorso, Harvey, Choppin, Thompson, and Seaborg, Phys. 
Rev. 98, 1518 (1955). 


bulk of the fission-product and induced activity was 
removed by a combination of solvent-extraction and 
ion-exchange techniques. The actinide fraction could 
then be examined immediately in the alpha pulse- 
height analyzer. In some experiments, the actinide 
fraction was separated into its components by rapid 
elution from Dowex-50 cation-exchange resin, with 
a-hydroxy isobutyric acid as the eluant.’ 

The following evidence for the assignment of the 
44-minute alpha emitter to Cf*® rather than Cf was 
obtained. 

(a) In four separate experiments the californium frac- 
tion was separated chemically from the small amount of 
curium knocked out of the target by elastic and in- 
elastic scattering, and the decay of the 7.1-Mev alpha 
emitter was followed by counting in a grid ionization 
chamber connected to a 48-channel pulse-height ana- 
lyzer. After the 44-minute activity had decayed for a 
number of half-lives, a careful search was made for the 
6.26-Mev alpha particles of the 27-day Cm™. In every 
case less than 5% of the amount of Cm*” that would 
result from the alpha decay of the 44-minute cali- 
fornium was found. 

(b) A sample of californium containing approxi- 
mately 1200 alpha disintegrations per minute (dis/min) 
of the 44-minute isotope and approximately 750 dis/min 
of Cf** (6.76 Mev, 35.7 hour) was examined by means 
of alpha-gamma coincidence techniques for the presence 
of L x-rays in coincidence with alpha particles. No L 
x-rays in coincidence with alpha particles attributable 
to the 44-minute activity were found. By direct com- 
parison with the Cf** present in the sample, an upper 
limit to their abundance was set at 2% of the alpha 
decays. Since every even-even alpha emitter that has 
been examined in the region above uranium decays 
~20% to an excited state with attendant L x-rays in 
10% to 15% abundance, this is additional strong evi- 
dence that the 44-minute activity is not an even-mass 
californium. No other photons were seen in appreciable 
intensity in this experiment. 

(c) An excitation function for the production of the 

§Choppin, Harvey, and Thompson, J. Inorg. Nuclear Chem. 
2, 66 (1956). 
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Fic. 1. Some excitation functions for the reactions Cm™(a,xn). 
Dashed line: (a,2m) as determined from Cf** alpha activity. 
Circles: (a,3n) as determined from Cf** alpha activity. Triangles: 
(a,4n) as determined from alpha activity of Cm™ daughter. 


44-minute isotope by the (a,x) reaction on Cm™* was 
determined by alpha pulse analysis of the californium 
fractions from a number of bombardments. The cross 
sections reported for this reaction were calculated from 
these data and the branching ratio determined in 
separate experiments. 

Since Cf should also be formed in small yield in 
bombardments at energies above the (a,4”) threshold, 
a search was made for its alpha-decay daughter, Cm™. 
This latter activity was found in small but measurable 
amounts, and although the isotope Cf* was not ob- 
served directly in these experiments, an excitation 
function for its production was obtained in this manner. 
No reasonable reaction other than (a,4m) followed by 
alpha decay would produce Cm™ in the observed yield. 

The excitation functions obtained are shown in 
Fig. 1 together with the excitation function for the 
reaction Cm™‘(a,2n)Cf***.4 The magnitudes of the cross 
sections are such that the contribution of Cf to the 
alpha activity ascribed to Cf™* was negligible under 
the conditions of the experiments. These excitation 
functions for the production of the 44-minute activity 
and for the parent of Cm™ exhibit qualitatively and 
quantitatively the behavior expected of (a,3n) and 
(a,4n) reactions respectively. 

(d) Cross bombardments of Cm™ at energies well 
below the (a,4m) threshold and of Cm? have been 
shown to produce the 44-minute californium activity in 
high yield. Only Cf** could have been made in both 


types of experiment. 


‘ Chetham-Strode, Ghiorso, Harvey, Choppin, and Thompson 
(unpublished data). 


Since californium-245 was expected to exhibit appre- 
ciable decay by electron capture, an experiment to 
measure the alpha-to-electron-capture ratio was carried 
out. The californium fraction resulting from the bom- 
bardment of Cm™* below the (a,4m) threshold was 
isolated soon after the end of bombardment and the 
amount of Bk™® (e.c., 5.0 day)® that grew from the 
electron capture decay of Cf** was determined. From 
the results of this experiment, Cf*® was found to decay 
~70% by electron capture. The partial half-life for 
alpha decay is, then, ~90 minutes. These half-lives 
are in good agreement with those predicted by alpha- 
decay systematics and the recent electron-capture 
systematics of Hoff.* 

In order to study the properties of Cf, a series of 
bombardments of Cm** with helium ions of various 
energies was made. In bombardments at energies close 
to the expected peak of the (a,2m) reaction on Cm*®, 
a new alpha group of 7.17+0.02 Mev was seen in 
addition to the 7.11-Mev alpha group due to Cfi™*. The 
new alpha emitter was found to decay with a (25+3)- 
minute half life. The relative yields of the two alpha 
activities and their dependency on the energy of the 
bombarding helium ions were consistent with the 
identification of the 25-minute activity with the (a,2m) 
product Cf. Closed-cycle calculations indicate an 
electron-capture decay energy for this isotope of ~0.7 
Mev and hence the partial half-life for electron capture 
is expected to be several times the observed half-life. 
No corrections for electron-capture branching of Cf 
were made in this work. The mass assignment was con- 
firmed by separate experiments in which the growth 
of Cm™ in a separated californium fraction was 
followed and found to agree closely with that expected 
from the observed alpha decay of Cf™. 

It is interesting to note that the alpha-decay energies 
of Cf and Cf™® differ by only 55 kev. This small 
difference probably implies an extra stability of 150 to 
200 kev in the Cf* nucleus, since the alpha-decay 
energy of Cm does not seem to be anomalously 
large.” Energy differences of this magnitude are of the 
order of those expected from pairing effects in this 
region ; however, other explanations are not precluded. 
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to this work by Albert Ghiorso, Thomas C. Parsons, 
Robert J. Silva, and Hugo G. Simens, who helped with 
most of the bombardments. Thanks are due to Dr. 
Frank S. Stephens, Jr., for his coincidence measure- 
ments. The continued cooperation and assistance of 
G. Bernard Rossi, William B. Jones, and the crew of 
the 60-inch cyclotron is gratefully acknowledged. We 
wish to thank Dr. Glenn T. Seaborg for his continued 
interest in this work. 
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Aluminum foils were bombarded with 25.5-Mev nitrogen ions from the Oak Ridge National Laboratory 
63-inch cyclotron, and the following radioactive reaction products were separated chemically and identified : 
C4, N¥, F's, Na, Cl*, K*, and P®. The deflected cyclotron beam was used to study the cross sections for 
the three reactions, Al??(N“, N¥)AI®, AP7(N4, 3p)CI*, and Al?7(N™, p2n)K*, for energies from 19.5 to 
25.5 Mev. It was found that over this energy range the cross section for the (N™, p2n) reaction is about 
fifty times greater than for the (N“, 3p) reaction, as would be expected from the statistical theory for the 
decay of the compound nucleus. A search was made for Si*! and Mg*’. The upper limits for the respective 
yields are 3X10 and 9X10 nuclei formed per incident particle at 25.5 Mev. The range-energy relation 


for nitrogen ions in aluminum was measured. 





INTRODUCTION 


I‘ a previous survey of nitrogen-induced nuclear re- 
actions,! results were not reported for aluminum 
targets because scintillation spectrometry and analysis 
of decay curves did not suffice to identify the many 
reaction products. Chackett arid others?*® have used 
chemical separation methods to help identify nitrogen- 
produced reaction products in aluminum. The inter- 
pretation of their data is made difficult by the broad 
energy spectrum of their bombarding particles, extend- 
ing from zero to 120 Mev. Excitation functions for 
several nuclear reactions produced by nitrogen in Be, 
C, N, B, and O have been investigated at this labora- 
tory*’” by means of monoenergetic 25.5-Mev nitrogen 
ions in the deflected beam of the ORNL 63-inch 
cyclotron. 

This paper is a survey of the reactions produced by 
nitrogen ions in aluminum from which the following 
residual radioactive nuclides were separated chemically 
and identified: CU, N™, F'8, Na™, Cl5*, K%8, and P®. 
Cross sections were measured for the reactions Al’’- 
(N™4, N®)AP8, AP7(N™, 3p)CI, and Al??(N"™, p2n)K*. 

A measurement of the rate of energy loss of nitrogen 
ions in aluminum was needed in differentiating the 
yield curves to obtain cross sections. In previous cross 
section measurements it was assumed that the range- 
energy relation for nitrogen in various materials could 
be calculated from the known range-energy curve for 
nitrogen ions in nickel® and from the ratio of the 
stopping powers for protons of the same velocity as the 


* Permanent address: Department of Chemical Engineering, 
University of Missouri, School of Mines and Metallurgy, Rolla, 
Missouri. 

t Now at University of California Radiation Laboratory, Liver- 
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nitrogen ions. In the case of aluminum the range-energy 
relations were measured and the foregoing assumption 
was justified. 

EXPERIMENTAL METHOD 


When aluminum is bombarded by 25.5-Mev nitrogen 
ions a large number of radioactive residual nuclides 
may be produced. The identification of these nuclides 
from gamma-ray spectra and decay-curve analysis be- 
comes very uncertain. Therefore, chemical methods 
must be used for correct identification of the nuclides. 
In this survey of reactions produced by nitrogen ions, 
aluminum foils were exposed to the external beam of 
the ORNL 63-inch cyclotron, the product elements 
separated chemically, and the half-lives and relative 
intensities of the nuclides were measured with Geiger 
counters. 


CHEMICAL SEPARATION AND IDENTIFICATION 


The dissolution of aluminum in sodium hydroxide or 
hydrochloric acid provided a good starting procedure 
for the separation of the nuclear reaction products. 
After each bombardment, lasting from a few minutes 
to several hours, the target was dissolved, weighed 
amounts of the appropriate carriers were added, and 
one or more elements were separated by standard 
chemical procedures. 

Carbon (¢C").—The 20.5-minute carbon activity was 
counted as NasCO;. The target was dissolved in a 
mixture of H,SO,4, H;PO4, KIO;, and CrO;, prepared 
according to Niederl and Niederl.? The evolved CO, 
and other gases were passed through a combustion tube 
for the oxidation of any CO or CHy. The CO, was then 
absorbed by soda lime, and the activity of the Na,CO; 
counted ; approximately 37 minutes were required for 
this separation. 

Nitrogen (;N™).—The 10.1-min nitrogen was fixed as 
ammonium sulfate for isolation and counting. The 
target was dissolved in 10% NaOH and the distilled 
NH; reacted with dilute H,SO, on a thin paper pad. 
The N™ sample was backed with a sheet of lead to 


9J. B. Niederl and V. Niederl, Organic Quantitative Analysis 
(John Wiley and Sons, Inc., New York, 1942). 
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increase the counting rate by the increased back- 
scattering. Approximately 12 minutes were required 
for the separation. 

Fluorine (sF'*).—The 112-min fluorine activity was 
counted as LaF;. The target was dissolved in 10% 
NaOH and the aluminum removed as Al(OH);. The 
fluorine was precipitated as LaF; by the method of 
Meyer and Schultz.” A processing time of approxi- 
mately 60 minutes was required for each sample. 

Chlorine (:7Cl**).—The 38-min chlorine was separated 
from the other elements as AgCl. The target was dis- 
solved in 10% NaOH, and AgCl precipitated after 
acidifying the solution with HNO. The silver chloride 
was purified by solution in NH,OH and reprecipitation. 
The time required was approximately 35 minutes. 

Magnesium (12Mg*").—The 9.6-min magnesium was 
counted as MgNH,-PO,-sH,O. The target was dis- 
solved in 6N HCl; Mg carrier and P, K, and Na hold- 
back carriers were added. Mg was precipitated by 
6N NaOH in excess, which redissolved any Al pre- 
cipitate. The precipitation was repeated three times, 
and Mg was finally precipitated as MgNH,- PO,:6H,0. 
The time required was approximately 20 minutes. 

Potassium (,3K**).—The 7.6-min potassium was con- 
verted to KCIO, for isolation and counting. The target 
was dissolved in 6N HCl] and the potassium precipitated 
as KCIO, by using ethyl acetate as a solvent and wash 
solution, according to the method of Willard and 
Diehl." Approximately 35 minutes were required for 
this process. 

Phosphorus (,3P*).—The 14-day phosphorus was 
separated as (NH,);PO,-12MoO;. The target was dis- 
solved in aqua regia and the phosphorus precipitated by 
the addition of (NH,4)2Mo, solution prepared as recom- 
mended by Noyes and Bray.” 

Sodium (,;Na™).—The 15-hr sodium was separated 
and counted as NaCl after the removal of the other 
radioactive elements. This required a separation time 
of approximately 5 hours. 

Silicon (,4Si**)—The 2.6-hr silicon was isolated as 
SiO,. The target was dissolved in aqua regia, perchloric 
acid was added, and the SiO, was separated from the 
other reaction products by dehydration. This procedure 
required approximately 1.5 hours. 

Special mention should be made of the Cl** identifica- 
tion. Two chlorine isotopes, C]* and Cl**, may be pro- 
duced in aluminum and of course, cannot be separated 
chemically. Their respective half-lives of 33.2 min and 
37.3 min are nearly the same; this makes the identifi- 
cation of the two in a mixture difficult. The maximum 
beta-ray energies of 4.5 Mev and 4.8 Mev preclude 
identification of the isotopes by energy discrimination. 
Scintillation spectroscopy of the gamma rays is un- 

% R. J. Meyer and W. Schultz, Z. angew. Chem. 38, 203 (1925). 

1H. H. Willard and H. Diehl, Advanced Quantitative Analysis 
(D. Van Nostrand Company, Inc., New York, 1943). 
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& n Rare Elements (The Macmillan Company, New York, 
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reliable for low counting rates, such as were encountered 
in these experiments. It was necessary, therefore, to 
take advantage of the fact that C]* is a positon emitter 
and Cl** a negaton emitter. A magnetron magnet with 
2-in. pole pieces and a field strength of about 3000 gauss 
was used to determine the charge of the electrons 
emitted by the chemically separated chlorine. A Geiger 
counter was moved from one side of the magnet to the 
other to differentiate between the positons and negatons. 
A P® source was used in calibrating the system, and it 
was found that not more than 1.5% of the electrons 
were counted on the “‘wrong” side of the magnet. The 
situation was not as satisfactory for the chlorine 
isotopes since the electron energies are high and the 
chlorine gamma rays contributed to the background. 

Thick target yields were determined by counting the 
samples in calibrated, shielded Geiger counters and by 
taking into account the beam intensity, length of 
bombardment, and the time necessary for the chemical 
separations. The efficiency of the chemical separations 
was determined by weighing the amount of carrier, 
usually of the order of 5 mg, and weighing the dried 
sample after counting. It was assumed that the effi- 
ciency for the separation of radioactive isotopes was 
the same as for the carrier. Chemical efficiencies were 
about 85% in most cases. Appropriate corrections were 
made in the calculation of the nuclear reaction yields. 

After the survey of activities produced by nitrogen 
in aluminum was completed three reactions were singled 
out for more detailed study. Cross sections for the 
reactions Al?”7(N™, N®)AI’§, Al??(N™, 627)K*8, and Al??- 
(N™“, 3p)CI*® were determined from yields obtained 
by bombarding thick aluminum targets in the deflected 
cyclotron beam. The energy of the incident beam was 
attenuated with nickel absorbers ranging in thickness 
from 0.5 mg/cm? to 1.5 mg/cm?. The details of the 
method have been described previously.® 


TABLE I. Possible nitrogen induced nuclear reactions in aluminum 
leading to radioactive nuclides. 





Thick target 
yield at 
25.5 Mev 
(atoms/ 
incoming 
particle) 


~2X10™ 
1.8107 
- —0.84 


2.4X10%* —5.63 10 
2.1107 * A 5.5 
<9X10™ 


Reaction 
products 


Cu+ six 
NBL Ars 
O8+ Meg" 
F*4Na® 
Na™4F" 
Mg"+0% 
Mee tNe+ b 


Q Mev Ye 


—046 2.5 
—2.75 10 


Half-life 


20.5 min 
10.1 min 
118 sec 
112 min 
15 hr 
9.5 min 
21.2 hr 
6.56 min 
2.62 hr 
2.55 min 
14.3 day 
33.2 min 
37.3 min 
7.7 min 





<3X10™ 7 
ape . 30 
~2X 10% , 250 
<1.1X10- . 


5.7X10-” 
3.8X10-* 


P®+2He!+ p 
CH+Li? 
Cl®¥-+3p 


K®4p+2n —8.88 





* May be due to carbon contamination on target. 





NITROGEN-INDUCED NUCLEAR REACTIONS 


RANGE-ENERGY MEASUREMENT 


The range as a function of energy of nitrogen ions in 
aluminum was measured in a manner similar to the 
previous measurement of the range in nickel.’ The 
incident nitrogen beam passed through a known thick- 
ness of aluminum and then through a 20-ug/cm? Zapon 
foil. Recoil protons from the Zapon at zero deg to the 
incident beam were degraded in energy by additional 
absorbers and detected with an Ilford C-2 emulsion. 
The proton range in the emulsion served to determine 
the proton energy. From this, the energy of the nitrogen 
ions after passing through the known absorber can be 
calculated, and the energy lost in the aluminum de- 
termined. 
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Fic. 1. Thick-target yields for three reactions in aluminum 
as a function of the incident nitrogen energy. 


RESULTS 


The possible reactions in aluminum which lead to 
radioactive residual nuclides with half-lives ranging 
from two minutes to fourteen days are listed in Table I. 
The reactions listed are the ones which lead to the 
observed nuclide with the least expenditure of energy. 
In each case the first nuclide listed is the one which 
could be observed. The Q-value of the reactions, the 
half-life of the observable nuclide, and the thick target 
yield are listed in the appropriate columns. The last 
two columns give the relative yields observed by 
Chackett ef al.2 (Y,) and the yields measured in this 
investigation (Y,.), both relative to the N™ yield. 

The F'* and Na* yields may possibly be due to carbon 
impurity on the target from condensed pump oil. From 
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TABLE II. Cross sections for three reactions produced 
by nitrogen in aluminum. 








Cross section (cm?) 
at 22.5 Mev*® 
1.54 10-* 


1.55X 10" 
6.64X 10-* 


at 20.5 Mev® at 24.5 Mev*® 


6.46X 10-* 
3.31X 10-7? 
1.84 10-* 


Reaction 
Al??(N*, 3p)CI® 
AP*(N™, p2n)K* 
Al?(N™, N)AP8 





2.08 X 10-* 








* Energy of N™ in laboratory system, 


the measured yields of F'* and Na™ from reactions on 
carbon one may deduce that one part in a thousand 
carbon contamination, which could be caused by a 
2-ug/cm? film of pump oil, is sufficient to explain these 
observed activities. Furthermore, the relative yields of 
the two nuclides are similar to the relative cross sections 
found in carbon after bombardment with 25-Mev 
nitrogen ions. 

The nuclides O”, Al?’, and P* all have half-lives of 
the order of two minutes, and chemical separations 
involving such short half-lives were not feasible. There- 
fore, the assignment of a 2-min activity was not made, 
although a strong half-life of this order was observed 
in the gross decay curves. 

The yields for C" and P® are probably accurate to 
within a factor of three, the inaccuracy for the former 
is due to the low yield and difficulties encountered in a 
quantitative chemical recovery, the latter because of 
the long half-life and attendant difficulties in low-level 
counting. Observation of Mg*® and Al” was not at- 
tempted since their very negative Q-values makes 
their presence improbable. Mg?’ and Si*! were not 
found and upper limits for their yields are given. 

The cross sections for three reactions found in the sur- 
vey were obtained. The reactions are Al?7(N", N)AP’8, 
Al?7(N™, p2n)K**, and Al?7(N%, 3p)Cl*8, all unmistak- 
ably due to aluminum. The residual nuclides are 
easily separated chemically and have half-lives con- 
venient for counting. The first reaction is of the 
stripping type previously observed in nitrogen® and 
boron’ and the other two are examples of evaporation 
from the compound nucleus. The yields for these three 
reactions were measured at several energies, as shown 
in Fig. 1. Smooth curves drawn through the yields were 
differentiated to obtain the cross sections listed in 
Table II. The probable error in the absolute yields and 
cross sections is about 30%. 

The magnetic separation of the positons and negatons 
from the chlorine isotopes gave an upper limit of 20% 
for the C]* to Cl** ratio. From the analysis of the decay 
curves the chlorine activity was found to have a half- 
life longer than 33 minutes. The average value of the 
half-life determined from many chlorine decay curves 
was 36.8+1.5 min, substantiating the findings from 
the magnetic separation. 

The range of nitrogen ions in Al is given in Fig. 2 as 
the solid curve, with experimental points shown as 
open circles. The crosses represent the range of nitrogen 
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RANGE IN ALUMINUM Mg/Cm* 


Fic. 2. Range vs energy curve for nitrogen ions in aluminum. 
The curve is drawn through the experimental results, shown as 
open circles. The crosses represent the calculated range of nitrogen 
ions in aluminum from the known range in nickel and the relative 
stopping powers of aluminum and nickel for protons of the same 
velocity as the nitrogen ions. 


ions in aluminum, as calculated from the known range 
of nitrogen in nickel by using the relative stopping 
power of aluminum and nickel" for protons of velocities 
equal to the nitrogen ion velocities. At least part of the 
discrepancy between the calculated points and the 
experimental curve is due to inaccuracies in the ratio 
of the stopping powers. In addition, the total range of 
25.5-Mev nitrogen ions in aluminum was measured to 
be 4.8+0.15 mg/cm?, which introduces an error of 3%. 


DISCUSSION 


The reactions Al??7(N", 3p)Cl** and Al?7(N"™, p2n)K** 
appear to be examples of the evaporation of nucleons 
from a compound nucleus. In each case only the heavy 
residual nuclide is observed. In the second reaction 
there is, of course, the possibility that a triton is emitted 
instead of the proton and two neutrons. Preliminary 
experiments made in this laboratory on the analysis of 
light, charged reaction products from nitrogen induced- 
reactions in aluminum indicate that tritons constitute 
less than 5% of the evaporated particles.‘ The cross 
section for the (N", 2m) reaction is about fifty times 
larger than the cross section for the (N™, 3p) reaction. 
A rough estimate of the relative cross sections, using 
the branching ratios for neutron and proton emission 
given by Blatt and Weisskopf,"* predicts a difference in 
cross section of about two orders of magnitude, which 
places the experimental results within the errors of 
the theory. 

The reaction Al??(N“, N™)Al® is probably of the 
stripping type found previously in nitrogen and in 
boron. The cross section is about 1/40 the stripping 
cross sections for the reactions observed in nitrogen and 
boron. Several factors may be important in lowering 
the aluminum cross section : (1) Thealuminum Coulomb 


%S. K. Allison and S. D. Warshaw, Revs. Modern Phys. 25, 
779 (1953). 

4 C, D. Goodman and J. L. Need (private communication). 

16 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952). 
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barrier is higher, (2) the Q for the reaction is about 
3 Mev lower in the case of aluminum, (3) the stripped 
neutron here makes a transition from a # shell in nitro- 
gen toad shell in aluminum. This transition necessitates 
a change in the relative angular momentum of the two 
nuclei, making this stripping reaction less likely than 
one in which there is no angular momentum change, 
such as in boron or nitrogen.'® Further experiments on 
stripping reactions are needed before one can make a 
good estimate of the importance of the various factors 
on the magnitude of the cross section. 

The one reaction found in aluminum which could be 
interpreted as a fission of the compound nucleus is 
Al??(N™, C™)Si®. Perhaps this could also be interpreted 
as the stripping of a triton. The low yield makes a 
closer study of the reaction difficult and its cross section 
was not measured. From the yield, however, one may 
estimate a cross section of about 10-* cm?. 

Chackett e¢ al.* have measured the relative yields for 
the reactions occurring in aluminum bombarded by 
the internal beam of the 60-inch Birmingham cyclotron. 
The initial energy spectrum of the nitrogen ions ex- 
tended from 0 to 120 Mev with a peak near 50 Mev. 
Such a broad spectrum makes comparison of their data 
with our results difficult. They state, however, that 
because of the shape of the incident beam spectrum, 
ions with energies not very far above the nuclear poten- 
tial barrier will produce the greatest number of reac- 
tions. The barrier for aluminum is about 23.6 Mev in 
the laboratory system. Thick target yields were meas- 
ured at this laboratory with an incident beam energy 
of 25.5 Mev. (The full width at half-maximum is about 
0.5 Mev.) The greatest number of reactions in our 
investigation then are produced by nitrogen ions with 
an energy near the Coulomb barrier energy. The rela- 
tive yields reported by Chackett ef al.2 (Y,) and the 
relative yields reported in this paper (Y,) are given in 
Table I. The. yield of N™ was assigned an arbitrary 
value of 10 in both cases. There is very little similarity 
between the two groups of data, indicating that the 
relative yields are quite energy dependent, as would be 
expected. In particular, the reversal of the Cl*/Cl** 
ratio and the P*/K** ratio indicate that the “buckshot” 
theory, presented by Chackett e/ al.? to account for 
their results, is not applicable for nitrogen bombarding 
energies of 25.5 Mev or less. 

The reactions investigated were only those leading to 
radioactive residual nuclei. Many more reactions are 
possible, and in fact the ones most favored energetically 
usually lead to stable residual nuclides. The study of 
highly exoergic reactions may reveal processes which 
are not observable in this investigation. 
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Angular correlation experiments have been performed on the 0.722-Mev—0.556-Mev gamma-gamma 
cascade of Cd" in order to determine the angular momenta and the parities of the nuclear states involved. 
The directional correlation ot the two gamma rays is indicative of a pure quadrupole—pure quadrupole 
cascade between states of angular momentum quantum number 4, 2 and 0. The polarization-directional 
correlation experiments show that all three states involved have the same parity, and furthermore, give strong 
support to the angular momentum assignment mentioned above. Hence, the K-capture decay in In" which 
precedes this gamma-gamma cascade must originate in the 50-day isomeric state of In™ with J=5 and not 
in the 72-sec ground state with J=1. Observations of the gamma radiation directly following the 72-sec 


decay confirmed this result. 


Directional correlation measurements on ten In" sources of very different chemical and physical structure 
did not reveal any evidence of extranuclear perturbation effects on the Cd‘ gamma-gamma correlation. 





1, INTRODUCTION 


HE nuclide In™ has a 50-day isomeric state 

0.192 Mev above its 72-sec ground state. The 
latter decays by an allowed 8 transition (log ft=4.5) 
to the ground state of Sn'* (J=0+). On this basis an 
angular momentum quantum number of J=1 and even 
parity has been assigned to the In" ground state. The 
isomeric transition from the 50-day state to the 72-sec 
state is an E4 transition and therefore, an angular 
momentum of 5 (even parity) was suggested for the 
50-day state.' Recently this angular momentum 
assignment has been confirmed by a direct measurement 
using the atomic beam magnetic resonance method.? 
The 72-sec ground state decays by 6+ emission and 
K-capture to the ground state of Cd"* and was also 
assumed to decay by K-capture to the second 1.28-Mev 
excited state of Cd! Hence an angular momentum 
quantum number of 1 or 2 was indicated for this state. 
An angular momentum assignment of 0 was ruled out 
on the basis of the interpretation of a weak 1.28-Mev 
gamma ray as a direct transition from this state to the 
I=0 ground state of Cd", The ft value (log ft=3.4) 
of the K-capture transition from the 72-sec ground 
state to the second excited Cd! level indicated a 
superallowed transition, which appeared to be very 
unlikely in this case. It was thus hypothesized! that 
this K-capture decay originates from the 50-day 
isomeric state of In'‘, requiring an angular momentum 
quantum number of 4 or 5 for the second excited 
state of Cd", 

A 0.722-Mev—0.556-Mev gamma-gamma cascade 
was known to proceed from this second excited state,?~® 
and the gamma-gamma directional correlation was 
measured in an attempt to find the angular momentum 
of the second excited state of Cd'*. With this informa- 


} Senpewed | in part by the U. S. Atomic id Commission. 
951 


1R. M. Steffen, Phys. Rev. 83, 166 (1 

tL. S. Goodman and S. Wexler, Phys. Rev. 100, 1245 (1955). 

3 F. Boehm and P. Preiswerk, Helv. Phys. Acta 22, 331 (1949). 

4 Mei, Mitchell, and Zaffarano, Phys. Rev. 76, 1883 (1949). 

5 F. Maienschein and J. Lawrence Meem, Jr., Phys. Rev. 76, 
899 (1949). 


tion, the In‘ state from which the K-capture decay 
originates could be determined. 

The first directional correlation experiments! were 
consistent with an angular momentum assignment of 
4, 2, 0 to the second excited, first excited, and ground 
states, respectively, and thus indicated that the 
K-capture decay indeed originated from the 50-day 
In™ state with J=5 rather than from the 72-sec ground 
state with J=1. The ft value of this K-capture decay 
was characteristic of a first-forbidden transition, and 
therefore an assignment of odd parity to the second 
excited state of Cd‘ was made. These assignments, 
however, caused a serious discrepancy between the 
expected and the observed intensity of the 1.28-Mev 
gamma radiation, if the interpretation of this radiation 
as a cross-over transition was to be maintained. 

In view of this difficulty several groups performed 
additional directional correlation experiments.** All 
of these measurements seemed to suggest an angular 
momentum assignment of 2-2-0 with the assumption 
of a mixed 96% dipole—4% quadrupole gamma 
transition from the second excited state. This assign- 
ment was consistent with the intensity of the crossover 
transition and strongly favored the conclusion that the 
electron capture takes place in the 72-sec ground state 
of In", Apparent discrepancies between the experi- 
mental and the theoretical 2-2-0 directional correlation 
function were attributed to the effects of competing 
cascades whose existence was reported by Johns ef a/.,°° 
but which did not reappear in recent measurements 
performed in the same laboratory." 

Polarization—directional correlation measurements 
performed in this laboratory, however, furnished 


6 FE. D. Klema and F. K. McGowan, Phys. Rev. 87, 524 (1952). 

™R. M. Steffen and W. Zobel, Phys. Rev. 88, 170 (1952). 
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decisive evidence for the (4+)—(2+)—(O+) assign- 
ment!- (see Sec. 3). Hence, it was decided to remeas- 
ure the directional correlation of the 0.722-Mev—0.556- 
Mev cascade with the use of differential pulse-height 
selection in order to eliminate the effect of possible 
competing cascades. (See Sec. 2.) These data agreed 
very well with the 4-2-0 spin assignments, and moreover, 
did not support the findings of Daubin and Hamilton" 
that there existed a strong extranuclear influence on 
this gamma-gamma cascade. 

Confirmation of these angular-momentum assign- 
ments was furnished by experiments on the 72-sec 
In" ground state performed at Brookhaven!®!® and 
Purdue"’ (see Sec. 4), which revealed that no excited 
state of Cd‘ is involved in the 72-sec K-capture decay. 
The apparent discrepancy in the intensity of the 
cross-over transition was resolved by Grodzins and 
Motz'*!6 whose coincidence experiments indicated that 
the high-energy gamma transition, which was formerly 
interpreted as due to the crossover, is emitted by an 
excited state of Sn" following a low-intensity #- 
transition from the 72-sec In™*. These conclusions were 
also arrived at independently by Johns ef al. in their 
recent experiments." 


2. DIRECTIONAL CORRELATION OF THE Cd" 
GAMMA RAYS 


2.1 Choice of Chemical and Physical State 
of the In'* Source 


It is well known that directional correlations are 
often influenced by interactions of extranuclear fields 
with the nuclear moments in the intermediate state 
of the gamma-gamma cascade.'* External fields do 
exist in most radioactive sources as a result of the 
charge and current distribution of the electron shell of 
the decaying nucleus and, of other atoms in the im- 
mediate neighborhood. However, the directional corre- 
lation is disturbed only if enough time is available in 
the intermediate nuclear state. A discussion of this 
effect shows that, in general, no disturbing influence is 
to be expected if the lifetime of the intermediate state 
is less than 10~ sec. Intermediate states of shorter 
lifetimes are affected in extraordinary cases only 
(e.g., an atom strongly disturbed by a preceding 
alpha-decay process, strong magnetic hyperfine coupling 
in the paramagnetic ions of the transition elements, 
etc.). 

The intermediate state involved in the Cd! 
gamma-gamma cascade has a lifetime ry of less than 
2.3X10-" sec.* Hence, the possibility of a pertur- 

2 J. N. Brazos, M. S. thesis, Purdue University, January, 1954 
(unpublished). 

18 J. N. Brazos and R. M. Steffen, Phys. Rev. 99, 1645 (1955). 
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bation of the directional correlation, although not very 
probable, cannot be excluded a priori, and the environ- 
ment of the decaying Cd'* nucleus must be chosen 
with this consideration in mind. 

In general, the attenuation, if any, of directional 
correlations displayed by nonviscous liquid sources is 
very small. Furthermore, the use of a metal in the 
liquid phase also eliminates possible after-effects of 
the preceding K-capture decay by virtue of the fast 
recovery of the excited atom in metals. In view of these 
considerations, the directional correlation measurements 
on the Cd""* gamma-gamma cascade were performed on 
In'* sources in the form of liquid indium metal. 


2.2 Preparation of the Source 


The 50-day In™ was obtained in metallic form from 
the Isotopes Division of the Oak Ridge National 
Laboratory. A small amount of the metal was sealed 
into a thin Pyrex tube of 1-mm inside diameter and 
5-mm length, which was heated electrically to a 
temperature of 165°C to keep the indium metal in 
the liquid phase. 


2.3 Directional Correlation Apparatus 


The experimental arrangement consisted of two 
scintillation detectors with NaI(TI1) crystals mounted 
on Dumont 6292 photomultipliers. A coincidence 
analyzer of over-all resolving time rp>=9.6X10- sec, 
with differential pulse-height selection in the two 
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Fic. 1. Energy spectrum of the gamma radiation emitted during 
the decay of the 50-day In" isomer. 
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channels was used in all the experiments. The coin- 
cidence circuit which was of the fast-slow type allowed 
one to measure the coincidence counting rate C,, 
simultaneously with differential pulse-height selection 
and with integral pulse-height discrimination. A more 
detailed description of the apparatus and the electronics 
will be published soon.'® 

The energy resolution of the two scintillation 
detectors was between 8% and 9% for the Cs'*? gamma- 
ray photopeak. 

The angle between the axes of the two detectors was 
changed automatically every 15 or 60 minutes and the 
accumulated data recorded by means of a camera. 


2.4 Measurement of the Cd!‘ Directional 
Correlation 


The spectrum of the In™*-Cd"* gamma radiation 
measured with one of the two scintillation detector 
channels is shown in Fig. 1. The width of the energy 
band accepted by the two differential channels in all 
directional correlation measurements is indicated in 
this figure. In order to prevent overloading of the 
amplifiers by the pulses from the strong 0.192-Mev 
radiation, lead absorbers of 3-mm thickness were 
placed in front of the scintillation detectors. These 
lead absorbers also served the purpose of reducing the 
number of coincidence counts due to Compton scattered 
radiation. The latter is, of course, only of significance 
for the correlation measurements where no differential 
pulse-height selection was employed. 

Figure 2 shows a plot of the coincidence counting 
rate (with differential pulse-height selection) divided 
by the product of the single counting rates in the two 
channels and corrected for the decay of the source 
versus the angle ©. A least-squares fit of the data to a 
function of the form W’’(@)=Ao’+A2’P2(cosO) 
+A,4’’P,(cos@) yields the following result for the 
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Fic. 2. Directional correlation of the Cd" gamma rays displayed 
by sources of In™ in the form of liquid indium metal and measured 
with differential pulse-height selection. 
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normalized experimental correlation function W’(@) 
which is not yet corrected for the finite angular resolu- 
tion of the equipment: 


W’(®)=1+ (0.0912+0.0045) P2(cos@) 
+ (0.0075+0.0053)P,(cos®). (1) 


It has been shown by Frankel” that in the case of 
a point source the experimental correlation function 
W’(0)=1+D0Axx’Px(cosQ) differs from the theoret- 
ical (point-point) function 


kmax 


W(@)=1+ ¥ AxPx(cos®), (2) 
k=1 


insofar as each of the coefficients A2’ is equal to the 
theoretical coefficient A», multiplied with a geometrical 
correction factor Q2.(Qe<1). For the case of cylin- 
drical symmetry of the detectors, Rose” has given the 
following expression for these correction factors: 


Tox (ur) Ton (2) 


Ty (u Io (u2) 





Qo = (3a) 


where 


Io,” (us) = f (1 = ehiz@)) Po, (cos0,) sin ,d6;. (3b) 
Detector # 


«(0;) is the distance traveled by the gamma ray in the 
ith detector crystal, uw; is the absorption coefficient 
of the crystal for this gamma radiation, and 0; is the 
angle between the propagation direction of the gamma 
ray and the axis of the detector i. Rose’s correction 
factors give satisfactory results if differential pulse 
height selection is employed, and if the photoelectric 
absorption factor is used for yj. 

When one takes into account this geometrical 
correction, the directional correlation of the Cd!" 
gamma rays as measured with differential pulse-height 
selection is then represented by the following function: 


W4iff(@)= 1+ (0.099-+-0.005) P2(cosO) 
+ (0.010+-0.007)P4(cos@). (4) 


For purpose of comparison, there is shown in Fig. 3 
the directional correlation as measured with integral 
pulse-height discrimination accepting in both channels 
all gamma radiation above 0.2 Mev. The large coin- 
cidence counting rate at ©= 180° is caused by annihila- 
tion radiation due to the low-intensity positron spectrum 
in the In! decay. An independent measurement of the 
directional correlation of annihilation radiation verified 
that the angular resolution of our equipment is good 
enough to make the contribution of annihilation 
radiation negligible, except for the angular interval 
from @= 162° to @= 198°. Hence the points at = 180° 
and ©=170° were not used for the following computa- 
” S. Frankel, Phys. Rev. 83, 673 (1951). 
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Fic. 3. Directional correlation of the Cd“ gamma rays displayed 
by liquid indium metal sources and measured with integral 
energy discrimination. All gamma radiation above 0.2 Mev was 
accepted by the detectors. 
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tion. The normalized experimental correlation function 
obtained from the data of Fig. 3 by a least-squares 
fit is 


W’(®)= 1+ (0.0873+0.0025) P2(cos@) 
+ (0.0092+0.0036)P,(cos®). (5) 


The finite-geometry correction which must be applied to 
this experimental correlation function requires again 
the calculation of J,“(u,;). For this case, where the 
directional correlation was observed with integral pulse- 
height selection, Rose’s approximation for the counter 
efficiency ¢(6;)= 1—e~***® is not satisfactory and must 
be replaced by an experimentally determined efficiency 
function ¢(6;).2* The directional correlation corrected in 
this way as determined with integral pulse-height 
discrimination, is represented by 


W**(@)= 1+ (0.098+0.003) P2(cos®) 
+ (0.013+0.005)Ps(cos®). (6) 


The agreement of this correlation function with that 
obtained using differential energy selection is satis- 
factory and implies that there is no necessity to assume 
a competing cascade which interferes with the 0.722- 
Mev—0.556-Mev gamma-gamma correlation. 

Table I summarizes the experimental results for the 
directional correlation coefficients A: and A, with their 
root-mean-square errors. The theoretical values™ of 
A, and A, for a quadrupole-quadrupole cascade 
between states of angular momentum 4, 2 and 0, as 
well as for a cascade of a mixed 96% dipole+4% 
quadrupole transition (with phase change, 5= —0.195) 
followed by a pure quadrupole transition between 
states of angular momentum 2, 2 and 0, are included 


% J. S. Lawson, Jr., and H. Frauenfelder, Phys. Rev. 91, 649 
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in this table. A comparison of the experimental and 
theoretical results shows that the observed directional 
correlation is characteristic for a sequence of two pure 
quadrupole transitions between states of angular 
momentum quantum number 4, 2 and 0. Thus the 
original angular momentum assignment of one of the 
authors! seems to be confirmed. 

From a comparison of the gamma-gamma coin- 
cidence rate at @=180°, extrapolated from Eq. (5), 
with the experimentally observed value at this angle 
(Fig. 3), the relative intensity of the In"* positron 
radiation can be estimated. After applying the correc- 
tions for solid angle, relative gamma efficiency, etc., 
a value of 10~* positron per gamma cascade is obtained. 


2.5 Extranuclear Effects and the Cd!!4 
Gamma-Gamma Directional Correlation 


Recently a rather pronounced effect of the chemical 
and physical structure of the In'* source on the Cd!" 
gamma-gamma directional correlation has been 
reported,'* and conclusions have been drawn therefrom 
regarding the electric quadrupole moment of the first 
excited state of Cd‘, Since no such effect was found 
earlier in this laboratory,'* a more accurate investigation 
of the influence of extranuclear fields on the Cd!" 
cascade was started. 

Using differential pulse-height selection, the Cd'"4 
directional correlation was measured with ten sources of 
widely differing chemical composition and physical 
structure. The result of this investigation is summarized 
in Table II, where the correlation coefficients A, and A‘ 
obtained on the basis of a least-squares fit and/or 
the directly measured anisotropy values, A =[ W (180°) 
— W (90°) |/W (90°), are given. The latter were corrected 
for the finite angular resolution of the equipment. 

A directional correlation function which, if unper- 
turbed, is of the form (2) is modified to?®-*¢ 


kmax = 
W= 1+ x AxrP2(cosO) =1 
k=1 


kmax 


oo < Be GuA 2%P(cos@), (7) 
k=1 


if an extranuclear interaction is present due to atomic 
or crystalline fields in a source which, as a whole, is 
isotropic, e.g., polycrystalline powder, liquid, etc. The 


TABLE I. The directional correlation of the Cd'* gamma rays. 








Theoretical values 
2(96% D 
+4%(0)2)- 
(8 = —0.195) 


0.100 
0.119 


Experimental values 


differential integral 
energy energy 
selection discrimination 


Ag 0.099+0.005 0.098+0.003 
Ag 0.010+0.007 0.013+0.005 


Coefficient 
4(Q)2(Q)0 


0.102 
0.009 











26 A. Abragam and R. V. Pound, Phys. Rev. 92, 943 (1953). 
26K. Alder, Helv. Phys. Acta 25, 235 (1952). 
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TABLE II. The Cd"4 gamma-gamma correlation displayed by various In" sources. 








In™ source 


A: 


As 


A 


G: 


Go 





Indium metal, liquid 
Indium metal, solid 
InCl;, polycrystalline 
Dilute aqueous solution 
of InCl; 


0.099+0.005 
0.096+0.007 
0.109=+0.007 


0.097+0.010 


0.010+0.007 
0.016+0.010 
0.005+0.009 


0.007+0.015 


0.165-0.003 
0.160+0.004 
0.168+0.004 


0.158+0.007 


0.97+0.11 
1.10+0.10 


0.98+0.14 


0.97+0.03 
1.02+0.03 


0.960.04 


Dilute aqueous solution 

of InCl; and glycerine, 

viscosity »=0.5 cgs units 
n2V3 

In one dry 

In(OH)s, gelatinous 

In 3 

In imbedded in Ag 


0.100+0.010 


0.009+0.013 


0.160-++0.006 
0.173+0.010 
0.165+0.010 
0.179+0.009 
0.167+0.011 
0.16 +0.01 


1.01+0.11 0.96+0.04 
1.05+0.06 
1.00-+0.05 
1.09+0.05 
1.01+0.07 
0.97+0.06 








attenuation coefficients Ga, (G2.<1) characterize the 
influence of the interaction on the directional correla- 
tion. They depend upon the coupling of the nuclear 
moments to the external fields as well as on the lifetime 
of the nuclear state. 

We identify the “true’’ coefficients Az and A, of the 
Cd" directional correlation with the values which 
were obtained on the basis of measurements on the 
liquid indium metal source, which were described 
above. A justification of this assumption follows from 
a consideration of the extranuclear interaction in the 
same source material of the 0.247-Mev state of Cd™. 
The lifetime of this nuclear state, r~(Cd") = 1.2 10-7 
sec, is much larger than that of the first excited state of 
Cd"4, ry (Cd""*) <2.3X10-" sec. 

For a liquid, where the extranuclear coupling is due 
to the time-dependent interaction between the nuclear 
electric quadrupole moment Q and the rapidly fluctuat- 
ing electric gradients of mean square value ((E,/0z)*), 
the attenuation coefficients are of the form 


Gor=1/(1+AxTw), (8a) 


where the interaction parameter A» is given by*® 


Z(G) 
2a Ob TAT THN) —2k(2k+1)—1) 


P(2T—1) 


I is the angular momentum of the intermediate nuclear 
state. The correlation time of the liquid, r., is related 
to the characteristic time of Debye’s theory of dielectric 
dispersion in polar liquids,?” and can be defined as the 
average time-interval during which the local configura- 
tion around a nucleus can be considered as constant. 
Equation (8a) is correct if the correlation is observed 
by means of a coincidence analyzer of resolving time 
to>Tw. Delay measurements on the Cd"! gamma- 
gamma directional correlation displayed by sources of 
liquid indium metal** have shown that the time- 


27P. Debye, Polar Molecules (Dover Publications, New York; 





Te. (8b) 


1945). 
28 R. M. Steffen (to be published). 


dependent quadrupole interaction in sources of this 
kind is negligibly small: A2(Cd"")-ry(Cd") <0.006. 
From this upper limit for Cd", we obtain for the 
interaction in the case of Cd!"4, 
Q(Cd"*) 2 
———). (9) 


Ao(Cd™4) - ry (Cd) <2 10-5 
Q(ca™) 


Even in the unlikely case that the electric quadrupole 
moment of the first excited state of Cd''* should exceed 
the one of the corresponding Cd" state by an order of 
magnitude,” the time-dependent quadrupole interaction 
in liquid indium metal sources would still have a 
negligible effect on the Cd" directional correlation. 

The attenuation coefficients G.,=A2/A» for the 
various sources investigated are listed in Table II. 
Since the accuracy of the determination of these coeffi- 
cients is somewhat limited, a reduction factor G*=A/A, 
(G*<1), which characterizes the reduction in the 
anisotropy A due to extranuclear influences in the 
various sources has been computed and is included in 
Table II. These reduction factors, as well as the 
attenuation coefficients are all, within the limits of 
error, equal to unity. Thus, on the basis of our experi- 
ments, no indication of the presence of an extranuclear 
influence on the Cd"* directional correlation was 
observed. 


3. POLARIZATION-DIRECTIONAL CORRELATION 
OF THE Cd"* GAMMA RAYS 


In order to determine the parities of the Cd" levels 
and, possibly, to give further support to the 4-2-0 
assignment, polarization-directional correlation experi- 
ments were carried out on the Cd"'* gamma-gamma 
cascade,!?:!8 


3.1 Polarization-Directional Correlation 
Apparatus 


The polarization of one gamma ray is measured as a 
function of the angle between the two cascade gamma 
rays. The arrangement which is shown in Fig. 4 is 

2M. Goeppert Mayer and J. H. D. Jensen, Elementary Theory 


of Nuclear Shell Structure (John Wiley and Sons, Inc., New York, 
1945). 
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Fic. 4. Geometry of the polarization-directional 
correlation arrangement. 


similar to that described by Metzger and Deutsch.™ 
It consists of a polarization-sensitive detector arrange- 
ment (the analyzer) and a_polarization-insensitive 
directional detector (1), which, together with the 
source, determine the so-called “correlation plane” 
and the angle © between the two detector axes. The 
analyzer makes use of the fact that the Compton 
scattering process, according to the Klein-Nishina 
formula, is sensitive to the polarization of the incoming 
radiation. It is made up of three coplanar detectors, 
the scatterer-detector (2) and two detectors (3a) and 
(3b) connected in parallel and placed in such a position 
that they will detect rays scattered through angles of 
about 80°. This analyzer is rotated automatically about 
an axis through the scatterer and source once every 
hour so that slow electronic fluctuations will produce 
little effect on the measured polarization-directional 
correlation. The position of the analyzer is given by 
the angle @ between the scattering and correlation 
planes. A lead shield is placed in such a position as to 
limit the gamma rays entering detectors (3a) and (3b) 
to those coming from the scatterer only. 

The experiment involves the measurement of the 
triple coincidence counting rates N,, and N, between 
detectors (1), (2), and (3a)+(3b) at angles ¢=0° 
(parallel position) and ¢= 90° (perpendicular position), 
respectively, for different positions © of the directional 
detector (1). The ratio ',,(0)/N,(0) of corrected 
triple coincidence counting rates is computed, and the 
quantity p(@)=J,,(0)/J,(@), were J,,(@) and J,(@) 
are the intensities of the radiation components linearly 
polarized parallel and perpendicular to the plane 
defined by the two gamma rays, is then determined by 
the following expression : 


R- Nu(9)/Ni(9) 
RNu(@)/N(0)—1. 





p(Q)= (10) 


where R is the asymmetry ratio of the apparatus, a 
measure of the polarization sensitivity of the analyzer. 
R depends upon the solid angles of the detectors and 
also upon the initial energy of the scattered gamma ray, 


3 F. Metzger and M. Deutsch, Phys. Rev. 78, 551 (1950), 


AND R. M. 
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as seen by the energy dependence of the Klein-Nishina 
formula. The asymmetry ratio R is found empirically 
by a polarization correlation measurement on a gamma- 
gamma cascade of known polarization character [i.e., 
known p(0); e.g., Ni®]. The asymmetry ratio of this 
arrangement varies from R= 2.2+0.3 for E,2¥1.28 Mev 
to R= 2.6+0.3 for Ey0.65 Mev.*! 

The (@) so determined experimentally may be 
compared with that calculated theoretically for various 
angular momenta and parity assignments. 


3.2 Experimental Procedure for Cd''4 


Measurements were made on Cd'"* after which many 
alterations on the apparatus, including changes in 
geometry, were carried out. Following this, a second set 
of data was taken such that the two sets carried about 
equal weight. They agreed within the experimental 
error and are hence presented in combined form in this 
report. 

Since no extranuclear effects were observed in the 
Cd"* directional correlation, the choice of chemical 
and physical state of the source is irrelevant. Metallic 
In sources (a few mC) were used. Lead absorbers were 
used to prevent overloading of the amplifiers by the 
pulses from gamma rays of the 0.192-Mev isomeric 
transition. The integral discriminators were set so as 
to accept each of the cascade gamma rays in both the 
analyzer and directional detector. 


3.3 Results 


The polarization-directional correlation measure- 
ments were made at angles 9=90°, 270°; 120°, 240°; 
150°, 210°; and 180°. The results are shown in Table III 
and in Fig. 5. The function p(@) computed from 
Eq. (10) was plotted in preference to the conventional 
N,,(@)/N,(Q) ratio, since the theoretical curves for 
N,,(9)/N,(@) calculated for different parity assign- 
ments depend upon the apparative constant R, which is 
determined experimentally. It is, therefore, not possible 
to combine data taken with different R values unless 
the results are given in terms of p(@). 

Together with the experimental results the theoret- 
ical polarization-directional correlation ratio p(@) of 
the pure quadrupole-pure quadrupole 4-2-0 cascade 
and of the mixed 96% dipole+4% quadrupole-pure 
quadrupole 2-2-0 cascade (6=—0.195) is included in 
Fig. 5. for all possible parity combinations. Numerical 
values are given in Table IV. 


TABLE III. Experimental polarization-directional correlation data 
for the Cd"* gamma-gamma cascade. 








180° 


1.000 
+0.035 


150° 


1.165 
+0.065 


120° 


1.125 
+0.06 


8 90° 


P(Pexp 1.32 
+0.05 











31D. M. Roberts, Ph.D. thesis, Purdue University, 1952, 
(unpublished). 
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The calculation of (©) for the pure-pure 4-2-0 
cascade is straight-forward. Explicit expressions of 
~(Q) for cascades of pure multipoles have been given 
by Hamilton,” e.g., for the 4(£2)2(£2)0 cascade: 


1.166—0.021 sin?20 





p(9)= (11) 


1+0.166 cos20 


The theoretical polarization-directional correlation 
curves for the 2-2-0 cascade involving a mixed dipole- 
quadrupole radiation field in the first transition were 
calculated using the procedure outlined by Biedenharn 
and Rose.” 

The average 
function is 


(W (0,%))w=212W (0,8) +n21W2(0,6), (12) 


where 2 is the over-all efficiency when photon 1 enters 
the polarization detector, and 72; is the over-all efficiency 
when photon 2 enters this detector. The W’s are 
functions of © and ®. Here, ® is the angle between the 
normal to the correlation plane and the direction of 
polarization, given by the electric vector E. W, is the 
polarization-directional correlation function when only 
the polarization of the pure radiation is measured, 
and Ws is the correlation function when only the 
polarization of the mixed radiation is measured. 
Therefore, in the case of 2-2-0 cascades, “photon 1” 
refers to the second transition and “photon 2” to the 
first. For cases involving mixtures, these two functions 
must be written as follows: 


W y= + 81+ 25011, 


polarization-directional correlation 


and 
W=Wy' +0’ + 260111’, 


where 6 is the intensity ratio 7(quad.)/J(dip.). The 
functions %, W;', Wy, and wy’ are the polarization 
correlation functions for the corresponding pure— pure 
transitions, e.g., for the particular case of a 2(M1+£2)- 
2(£2)0 cascade wy, wy’, wy, and wy’ correspond to 
the following pure— pure transitions (£2,M1), (M1,E2), 
(E2,E2) and (£2,E2), respectively, where in each the 


TABLE IV. Theoretical values of the polarization-directional 
correlation ratio »(@) for various cascades. The calculations for 
the cases of mixed transitions refer to 96% dipole—4% quadrupole 
mixtures with phase change (6= —0.195). 








?(®9) calculated 
120° 150° 


. 
i] 
° 


Cascade 





S\&§ 


1.256 
1.00 
0.815 
1.00 
1.54 
0.81 
1.24 
0.65 


1.061 
1.00 
0.943 
1.00 
1.126 
0.94 
1.065 
0.89 


4(E2)2(E2)0 
4(M2)2(E2)0 
4(M2)2(M2)0 
4(E2)2(M2)0 
2(M1+£2)2(E2)0 
2(E1+M2)2(E2)0 
2(M1+E2)2(M2)0 
2(E1+M2)2(M2)0 


tt 
2s 


3338 


ea 
ww nro 
Saess 

Sony 

S 








% PD. R. Hamilton, Phys. Rev. 74, 782 (1948). 
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rms errors indicated 














Fic. 5. Polarization-directional correlation of the Cd!" 
gamma-gamma cascade. 


multipole transition indicated first in the parentheses is 
observed by the polarization sensitive detector. Wi 
and Wn’ are the interference terms. 

Since all cascade gamma rays were accepted in the 
counters, and since the energies do not differ radically, 
the assumption that 12 and 2; are equal seems justified. 
Dropping the multiplicative efficiency constant, one can 
write 


(W (0,2) w= WitWo= w+ thy’ +& (Wn+tn’) 
+ 26(tin+in’). 


The separate terms of W may be evaluated in terms of 
Legendre polynomials and associated Legendre poly- 
nomials with the aid of the tables given by Biedenharn 
and Rose.*4 The function (W(0,®))» is evaluated for 
@=90° and @=0° and the theoretical polarization 
ratio p(@) is obtained: 


p(9) aa J,(9)/F,(9) 


= (W(0,90°) )m/(W(@,0°))m. (13) 


As an example, the explicit expression of (W(0,®))w 
for the 2(M1+£2)2(£2)0 cascade may be given 
(mi2= M21): 


(W (O,®) = 2+ 28+ [0.5000— 0.15326 
+ 1.4656 ]P2(cosQ)+[— 0.2500 
+0.076546?— 0.24406 |P.?(cos@) 
X cos26@+0.6538P,(cos@) 
+0.054467P,?(cos@) cos2@. (14) 
A comparison of the experimental and the theoretical 
polarization—correlation data (Tables III and IV, 
Fig. 5.) shows that only the 4(£2)2(£2)0 and the 
2(M1+£2)2(M2)0 cascades are compatible with the 
observed polarization-directional correlation. The latter 
cascade, however, can be excluded on the basis of 
lifetime considerations, since the lifetime of the first 
excited Cd!" state, ry <2.3K10~" sec, is too short 
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Fic. 6. Energy spectrum of the gamma radiation emitted in 


the decay of the 72-sec In™ ground state. For purpose of com- 
parison the gamma-ray spectrum of the 50-day isomer is included. 


to be compatible with an M2 transition by several 
orders of magnitude.* 

Thus the polarization-directional correlation ex- 
periments show that all three states involved in the 
Cd"™* cascade have the same parity, and furthermore, 
strongly favor the 4+(£2)2+(£2)0* angular momenta 
and parity assignment. 


4. MEASUREMENTS ON THE 72-SEC In" 
GROUND STATE 


In order to show directly that the 0.722-Mev—0.556- 
Mev cascade does not follow the decay of the In" 
ground state, this 72-sec state was produced by deuteron 
bombardment of cadmium foils in the Purdue cyclotron 
resulting in the reactions Cd"'*(d,2n)In"*, and Cd"*(d,n)- 
In'"*, The decay of the gamma spectrum was followed 
in a 20-channel analyzer. The initial spectrum with 
background subtracted is shown in Fig. 6. When 
compared with the 50-day equilibrium spectrum it is 
seen that the spectra are quite different. The 0.722- and 
0.556-Mev photopeaks do not appear, while the 
0.511-Mev photopeak is identified as the annihilation 
radiation originating with the 6+ decay from the 72-sec 
In"* to the Cd" ground state. That this peak is truly 
connected with the In" ground state is seen by the 
fact that it was observed to decay with exactly a 72-sec 
half-life. The apparent peak at about 0.7 Mev should 


33M. Goldhaber and A. W. Sunyar, in Bela- and Gamma Ray 
Spectroscopy, edited by K. Siegbahn (North Holland Publishing 
Company, Amsterdam, 1955), Chap. 16 (II). 
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probably not be taken as being real, since in this 
energy region some difficulty was encountered in 
subtracting off a mixture of rather strong residual 
contaminant activities. It is therefore seen that the 
0.722-Mev and 0.556-Mev gamma radiations must 
originate mainly with the 50-day isomeric state, and 
the J=4 angular momentum assignment for the second 
excited state of Cd!‘ is confirmed. These results are in 
very good agreement with the more comprehensive 
and conclusive experiments which the Brookhaven 
group performed with separated isotopes.'*.16 


5. ANGULAR MOMENTA AND PARITIES OF THE Cd's 
STATES AND THE DECAY OF In" 


The directional correlation experiments and the 
polarization-directional correlation results strongly 
favor the 4*(£2)2+(E2)0* assignment to the Cd" 
states. Since the ground state of In"‘ has even parity 
and angular momentum J=1, one is forced to conclude 
that the K-capture decay arises from the 50-day 
isomer (J=5, even parity) of In"‘ instead of from the 
ground state. The measurements on the 72-sec In'!4 
ground state in this laboratory and at Brookhaven'® 
confirm this conclusion. On the basis of these experi- 
ments the decay scheme shown in Fig. 7 is proposed. 
The information that the 1.300-Mev gamma ray 
does not originate in a 1.856-Mev third excited state 
of Cd"4," but follows a 8 transition, a result which 
was obtained independently by Johns ef al." and the 
Brookhaven group, has greatly contributed to the 
understanding of this decay scheme. The dismissal of 
a 1.856-Mev Cd" state is in agreement with neutron 
capture—gamma ray studies,* and with the results of 
Lu, Kelly and Wiedenbeck.** 











Li OF 


Fic. 7. The angular momenta and parities of the Cd"* states and 
the decay scheme of the 50-day In"™* isomer. 


*B. B. Kinsey and G. A. Bartholomew, Can. J. Phys. 31, 
1051 (1953). 
%5 Lu, Kelly, and Wiedenbeck, Phys. Rev. 95, 121 (1954). 
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Scintillation counter experiments have been performed on the 72-second activity of In™ produced by 
(p,2) and (d,2m) cyclotron bombardment of enriched Cd" and on the 49-day activity of In“ produced by 
neutron activation. The well-known 556-722-kev cascade radiation of Cd" is shown to be excited by a 
K-capture transition from the 49-day isomeric level. The weak 1300-kev gamma ray previously assigned to 
Cd" is shown to come from the first excited state of Sn" and is in coincidence with a low-energy beta 
spectrum having an end point of 675+40 kev. No gamma rays in Cd" other than the 556- and 722-kev 
lines have been observed from the decay of In'“™ or In“, A 1.9% K-capture branch from In"™ to the ground 
state of Cd" has been found. A positron branch of ~0.004% between these two states is shown to have an 


end point of 400+25 kev. 


I. INTRODUCTION 


N recent years several investigations have been 
conducted on the radiations from the 72-second 
ground state and the 49-day isomeric state of In™*.!~ 
The results of Brazos and Steffen’? on the polarization- 
directional correlation of the well-known 556-722-kev 
cascade in Cd" indicate that the spin of the state at 
1278 kev is probably 4* and that of the 556-kev state 
2+. It is known that the isomeric state of In has a 
spin 5,!° and thus it would be expected that this cascade 
would be excited by electron capture from this state 
only and not from the 72-second ground state of spin 1 
as has been reported.? Gamma rays of weak intensity 
having energies of 576+3, 127146, 1300+3 have been 
reported and were also assigned to the A-capture 


t Work performed under the auspices of the U. S. Atomic 

Energy Commission. 
1R. M. Steffen, Phys. Rev. 83, 166 (1951). 

2 R. M. Steffen and W. Zobel, Phys. Rev. 88, 170(A) (1952). 

3 E. D. Klema and F. K. McGowan, Phys. Rev. 87, 524 (1952). 
4 Johns, Cox, Donnelly, and McMullen, Phys. Rev. 87, 1134 
1952). 

é. 5 Johns, Waterman, MacAskill, and Cox, Can. J. Phys. 31, 225 

(1953). 

6 Johns, McMullen, Donnelly, and Nablo, Can. J. Phys. 32, 35 
1954). 

; 7 J. N. Brazos and R. M. Steffen, Phys. Rev. 99, 1645(A) (1955). 
8 R. M. Steffen and J. N. Brazos, Phys. Rev. 99, 1646(A) (1955). 
® J. N. Brazos and R. M. Steffen, preceding paper [Phys. Rev. 

102, 753 (1956) ]. 

10 T,, S. Goodman and S. Wexler, Phys. Rev. 100, 1245(A) (1955). 


branch.‘~* The reported observation of 556-1300 kev 
coincidences indicated the existence of a state in Cd! 
at 1856 kev.‘ 

Kinsey and Bartholomew" did not observe a high- 
energy gamma ray from the Cd"*(ny)Cd" reaction 
which would correspond to the reported level at 1856 
kev, although their data do suggest the existence of 
levels in Cd" at 56348, 1205+14, 1320+11 and 
1381+11 kev. Preliminary coincidence measurements 
by Bernstein” at Brookhaven National Laboratory 
failed to verify the existence of 556-1300 kev coin- 
cidences. The 556-1300 kev coincidences were also 
reported to be much weaker than previously suggested 
by the work of Lu ef al."* Because of these discrepancies 
and the necessity of knowing the energy level scheme 
of Cd" in arranging the many gamma rays from the 
reaction Cd'"*(ny)Cd" “ into a reliable decay scheme, 
the present work on In" was undertaken. Scintillation 
counter experiments were performed on the 72-second 
activity produced by (p,m) and (d,2m) cyclotron’ bom- 
bardment of 83% enriched Cd" and on the 49-day 
In" produced by neutron capture in 65% enriched 


11 B. B. Kinsey and G. A. Bartholomew, Can. J. Phys. 31, 1051 
(1953). 

12 William Bernstein (private communication, December, 1953). 

13 Lu, Kelly, and Wiedenbeck, Phys. Rev. 95, 121 (1954). 

4H. T. Motz, Phys. Rev. 99, 656(A) (1955). 
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49-day Ini“ 
Coincidence Sorter 
Pictures 


(a) 3000 Coincidences 


(b) 4X10¢ Coincidences 


ENERGY IN kev 


(c) 10® Coincidences 
Weak Source 


——* ENERGY IN kev 


Fic. 1. In" gamma-gamma coincidences pulse photographed 
with the coincidence sorter (see text). 


In“*15 A summary of the results was presented at the 
1955 Chicago American Physical Society."® 


II. UPPER LIMIT FOR THE 556-1300 kev 
TRANSITIONS 


In order to determine if this cascade transition exists, 
a coincidence sorter!’ was used which records all coin- 
cidences on a single photographic image. In using this 
instrument the source is placed between two NalI(T1) 
crystals each mounted on a photomultiplier as in the 
conventional coincidence scintillation spectrometer. 
When a coincidence occurs the pulses from each of the 
two crystals are stretched at their maxima and applied 
to the X and Y axes of an oscilloscope. The intensifier 
of the oscilloscope is activated for a few microseconds 
after both pulses have reached their maxima, thus 
producing a spot on the oscilloscope face whose X-Y 
position corresponds to the pulse heights in the NaI 
crystals due to the gamma rays producing the coin- 
cidence. A long-time exposure on polaroid film is taken 
in order to obtain the pattern of dots. Figure 1 shows 
the results of three exposures taken with weak 49-day 
In" sources and 1}X1 in. NaI(TI) crystals. Figure 

6 Enriched isotopes obtained from the Isotopes Division, Oak 
Ridge National Laboratory, Oak Ridge, Tennessee. 


6 L. Grodzins and H. T. Motz, Phys. Rev. 100, 1236(A) (1955). 
17L. Grodzins, Rev. Sci. Instr. 26, 1208 (1955). 


1(a) was produced by 3000 coincidences. The two white 
spots correspond to the coincidence of photopeaks of 
556 kev and 722 kev; the picture is symmetrical about 
45° corresponding to X =556 kev, Y=722 kev and vice 
versa. The horizontal and vertical lines are the result 
of coincidences between the 556-kev photopeak and the 
722 Compton distribution and vice versa. Figure 1(b) 
is an exposure of 4X 10° coincidences. The fact that the 
1300-kev gamma ray is in coincidence with both the 
556- and 722-kev gammas shows that the coincidences 
are probably accidental. This conclusion is substan- 
tiated by the lack of such coincidences in Fig. 1(c) 
which contains 10° coincidences from a weaker source 
in which the true to chance rate is approximately ten 
times greater. An estimate of the minimum number of 
coincidences observable in such a picture allows the 
determination of an upper limit for the 556-1300 kev 
coincidences. The value obtained is (556—1300)/ 
(556—722)<0.001, which is 2% of the value reported 
by Johns et al.® 

A confirmation of the absence of 556-1300 kev 
coincidences was made with the use of a 20-channel 
analyzer. Figure 2 shows the resulting gamma-ray 
distribution in coincidence with 1300- and 722-kev 
gamma rays as well as the singles spectrum for the same 
geometry. Assuming that all of the 722-1300 kev 
coincidences observed are random, it is found that 
(556—1300)/(556—722)<0.0004, in agreement with 
the coincidence sorter result. 

Since the above work was completed, Johns'* has 
communicated to us results of a re-examination of the 
decay of 49-day In'“". From external conversion 
measurements he finds no evidence for the 576-kev 
gamma ray previously assigned to the K-capture 
branch. He also finds no 1300-556 kev coincidences, in 
agreement with the results described above. We, 
therefore, conclude that there is no evidence for a level 
at 1856 kev in Cd" from the decay of In". 


Ill. THE 1300-KEV STATE IN Sn"! 


The intensity of the 1300-kev gamma ray in the 
singles spectrum of In" was determined by means of 
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Fic. 2. Twenty-channel analyzer data showing presence of 556-722 
kev coincidences and absence of 1300-556 kev coincidences. 


18 Johns, Williams, and Brodie, Can. J. Phys. 34, 147 (1955). 
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Fic. 3. B-y coincidence spectra obtained with 
49-day In" source. 


a 1}X1 in. NaI(TI) crystal, to be 0.09+0.01% per 
disintegration. K x-ray, gamma-ray coincidence meas- 
urements were performed on In'' to find out whether 
this gamma ray is a transition in Cd"*. The gamma 
detection crystal was placed 8 in. from the source to 
reduce the sum peak (722+556 kev) to a negligible 
contribution and the relative intensities of the 556-kev, 
722-kev, and 1300-kev gamma rays in coincidence with 
K x-rays were compared with the singles intensity 
distribution in the same geometry. No 1300-kev gamma 
rays were found in prompt coincidence with K x-rays. 

Beta-gamma coincidences were then investigated by 
using very weak sources such that the true coincidence 
to random coincidence rate was 20 to 1. Figure 3, 
curve C, shows the resulting gamma-ray spectrum in 
coincidence with low-energy (100-500 kev) betas; the 
energy of the photopeak is 1300+40 kev. The channel 
gate was then set on the 1300-kev gamma-ray photo- 
peak and the spectrum of betas in coincidence with it 
determined with an anthracene crystal covered with 2 
mils of Al. The result is shown in Fig. 3, curve B, 
together with the singles beta-ray spectrum from 
In'™™ (curve A). A Fermi plot of the coincidence data 
yields a beta-ray end point of 674+40 kev. Johns'* has 
independently assigned the 1300-kev gamma ray to 
Sn!4, 

The branching ratio for the 1300-kev transition was 
determined by comparing, in the same geometry, the 
coincidence rate of beta—1300 kev gamma rays for 
In™™ with the positron—1270 kev gamma-ray coin- 
cidence rate of Na”. The experimental result is 0.09%, 
in agreement with the intensity of the 1300-kev gamma 
ray in the singles spectrum. 

As a further check, beta-gamma coincidences were 
investigated in a 72-sec In'™ source. The 1300-kev 


AND In'"!4 763 
gamma ray was again found to be in coincidence with 
100-500 kev betas. 

The log ft value calculated for the beta transition is 
5.73, indicating an allowed transition. It is consistent 
with a 2+ assignment for the 1300-kev level in Sn", in 
agreement with the systematics of even-even nuclei." 
The energy of this level is consistent with the energies 
of first excite:: states of nuclei with Z=50. 


IV. K-CAPTURE BRANCH OF 72-SECOND In" 


The 72-sec In" activity was produced by (p,m) and 
(d,2n) reactions on 83% enriched Cd! in oxide form 
using the Brookhaven cyclotron which furnished 20- 
Mev deuterons. A 72-sec cadmium x-ray activity was 
found and its intensity per beta was measured. The 
source was placed between an anthracene crystal and 
a Lucite-covered 2X15X15 mm Nal(TI) crystal and 
the pulse distribution from the latter was observed 
with a 20-channel pulse-height analyzer. Figure 4 shows 
the resulting decay curve for the x-rays and for the 
beta rays of energy 1 to 2 Mev. The contribution of the 
70-sec F'’ positrons from bombardment of the oxygen 
in the target was found to be negligible by the use of a 
PbO: target. Using the same arrangement the corres- 
ponding rates for 49-day In'” were obtained for cali- 
bration. Dividing the two ratios, we have 


(K/8)12-s0¢ f 


(K/B)scday f+0.41’ 





where f is the 72-sec K-capture branching ratio and the 
value of 0.41 represents the 37.6% K x-ray per dis- 
integration of 49-day In'” due to the internal con- 
version of the 190-kev transition and the 3.5% K 
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Fic. 4. Decay of cyclotron-irradiated target, indicating 
presence of 72-second activity. 


1 G. Scharff-Goldhaber, Phys. Rev. 90, 587 (1953). 
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Fic. 5. Twenty-channel analyzer data, indicating lack of 772- 
kev gamma rays in 72-second activity. 


branch to the 1278-kev state. The result for the 72-sec 
K-capture branch is f= 1.9%. 

To determine if the 1278-kev level in Cd!" is fed by 
this K-capture branch, the anthracene crystal was 
replaced by a 1}X1 in. NaI(TI) crystal and K x-ray, 
gamma coincidences were investigated in a conventional 
fast (r=10~-’ sec)—slow coincidence spectrometer. 
The pulses from the 1}X1 in. crystal which were in 
coincidence with K x-rays were displayed on a 20- 
channel analyzer. The resulting gamma spectrum is 
shown in Fig. 5. No discernible 722-kev or 556-kev 
gamma ray is seen. The 511-kev gamma-ray peak is 
not due to In"™‘. Though it does have a short-lived 
component with a half-life of approximately 70 sec, 
its intensity is too high to be accounted for by In" 
positrons and is believed to be from F". 

In order to obtain an upper limit for the K x-ray— 
722 kev branch, one can assume that all of the counts 
in the 722-kev region were real coincidences. Comparing 
the K x-ray—722 kev coincidences per K x-ray for the 
72-sec and 49-day In™ gives 


((K—722)/K ros & Sm 
[(K-722)/K le-dsy bm £° 





where k,, and k are the K-capture branching ratios to 
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Fic. 6. Three-crystal spectrometer for measuring 
positron spectra. 


the 1278-kev level and g, and g are the K x-ray per 
disintegration ratios for the 49-day and 72-sec In™ 
states. The experimental result is k< 0.02 kp. Thus the 
1278-kev level must be fed from the isomeric state, 
In", which is known to have a spin of 5+. This 
result is consistent with the spin assignment of 4* to 
the 1278-kev level by the polarization-directional cor- 
relation data of Brazos and Steffen’* for the 556-722 
kev cascade. 

Further confirmation that the spin of the 1278-kev 
level is not 2+ is furnished by Johns'* who, upon re- 
examining the external conversion spectrum from 
In™™, does not find any evidence for a 1278-kev cross- 
over transition. 

The experiment described above also shows that at 
least 80% of the 1.9% K-capture transition from In" 
must take place to the ground state of Cd" since the 
intensities of the 556- and 722-kev gamma rays are 
equal to within an experimental error of 10%. 
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Fic. 7. Positronspectra obtained with the three-crystal 
trometer. Curve A—In"™* spectrum, and curve B—Na™ 
parison spectrum. 


V. ENERGY DIFFERENCE BETWEEN In‘ AND 
Cd"4 GROUND STATES 


The energy difference between the ground: states of 
In" and Cd" was first measured by McGinnis” as 
2.07+0.2 Mev from the Cd"*(p,n)In"™ excitation 
curve. Since he did not measure cross sections for proton 
energies less than 3.1 Mev and his extrapolation to 
threshold did not take into account the large centrifugal 
barrier corresponding to a spin change of 5 units, the 
threshold value he obtains is subject to considerable 
doubt. Johns® observed a positron branch in In™™ of 
~0.004% and estimated the positron end point to be 
1.2+-0.2 Mev by absorption. 

We have measured the positron end point by a three- 
crystal coincidence technique; the experimental ar- 
rangement is shown in Fig. 6. Pulses from the side 


” C. L. McGinnis, Phys. Rev. 81, 734 (1951). 
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crystals, 3 in.X3 in. NaI(TI), were selected by single- 
channel analyzers which accepted quanta of 500+25 
kev. The pulses from the center anthracene crystal 
were displayed on a 20-channel analyzer whenever a 
triple coincidence (r=10~7 sec) occurred. Energy 
calibration of the anthracene counter was obtained 
using the 976- and 482-kev internal conversion electrons 
from a Bi®” source. The background counting rate was 
measured to be less than 5% of the total by covering 
the source with Lucite; the accidental coincidence rate 
was negligible as determined by placing delays in the 
various channels. The resulting positron spectrum is 
shown in Fig. 7. Also shown on the same figure is the 
positron spectrum obtained using a Na” source which 
has a known endpoint of 540+5 kev. Fermi plots of 
the positron spectra from Na” and In™ give end points 
of 
Es, (Na™”) = 560+15 kev, 


Ep,(In"*) = 400-425 kev. 


The positron branching ratio was obtained by com- 
paring the number of triple coincidences per beta in 
the anthracene crystal for In"* with Na” in the same 
geometry. The result is 0.0035+0.001% in agreement 
with the value obtained by Johns.® 

It is possible to calculate the energy difference from 
the ratio of K capture to positron transitions between 
ground states of In" and Cd". Using the value of 1.9% 
for the K-capture branching ratio and 0.0035% for the 
positron branching ratio, the ratio of K capture to Bt 
emission is then 5.4 10°. Using the curves of Feenberg 
and Trigg,” one obtains a value of ~1400 kev for the 
energy available for K capture from the ground state 
of In", in agreement with the value obtained from the 
positron spectrum. This energy difference indicates that 
it is energetically impossible to excite any level in Cd"4 
with an energy greater than 1650 kev in the decay of 
In", This is an independent indication that the 
previously reported level at 1856 kev in Cd" is not 
excited in the decay of indium. 

The log ft value of the K-capture transition from 
In™ jis 4.2 and from In" is 7.5. The latter value is 
high for an allowed transition and indicates that it is 
not a pure one-particle transition. 


VI. CONCLUSIONS 


The decay scheme which agrees with these results is 
shown in Fig. 8. The evidence that the spin of the 


1 FE. Feenberg and G. Trigg, Revs. Modern Phys. 22, 399 (1950). 
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Fic. 8. Decay scheme for In" based on most recent data. 


1278-kev level in Cd" is 4+ is the following: (1) Angular 
correlation'’* measurements on the 556-722 kev 
transition indicate that the spin of the 1278-kev state 
is either 2+ or 4+; (2) angular correlation with polari- 
zation measurements? on this transition strongly favor 
a 4+ assignment; (3) the lack of a crossover transition 
from this level,!* and (4) the fact that it is fed from the 
5+ state of In‘. The energy difference of 1420+25 
kev between the ground states of In" and Cd! has 
been determined by a measurement of the positron 
spectrum endpoint. The measurements of the K-capture 
and positron branching ratios between these two ground 
states are consistent with such an energy difference. 
The existence of a 1300-kev level in Sn" fed from In™ 
is established from 8-y coincidence experiments on both 
49-day and 72-sec sources. A spin assignment of 2+ for 
this state is consistent with the allowed ft value of the 
transition and the systematics of even-even nuclei.” 
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The average number of prompt neutrons emitted during the spontaneous fission of fermium-254 has 


been measured to be 4.05-+-0.19 (standard error). 





INTRODUCTION 


HE average numbers of prompt neutrons, 3, 

emitted during spontaneous fission have been 
measured for a number of nuclides,'~* and a general 
increase with increasing atomic number and weight of 
the fissioning nucleus has been observed up to and 
including californium-252. In the experiment reported 
here, the average number of neutrons from the spon- 
taneous fission of fermium-254 has been measured, 
with a cadmium-loaded liquid scintillator tank of the 
type developed at Los Alamos as a detector.‘ 


APPARATUS AND METHOD 


The apparatus and method have been described in a 
previous article.? Either of two similar parallel-plate 
ionization chambers could be placed at the center of 
the liquid scintillator tank, one containing the sample of 
Cf**?, which we use as a secondary neutron standard, 
and the other the Fm**. With a discriminator set so 
that all fissions were counted, the fission chamber 
pulses were used to trigger an oscilloscope, and the 
fission, prompt gamma ray, and neutron-capture pulses 
were recorded photographically. Background and cali- 
fornium standard data were taken before and after the 
fermium run, which was continued through 3.4 half- 
lives (T,=3.2 hours for alpha decay).° 


FERMIUM SAMPLE 


The fermium was produced in the Materials Testing 
Reactor by neutron irradiation of Cf*®?.6 Separation of 
the fermium fraction from einsteinium and californium 
was achieved with an ion-exchange resin column using 


¢ This work was done under the auspices of the U. S. Atomic 
Energy Commission. 

( 1 Diven, Martin, Taschek, and Terrell, Phys. Rev. 101, 1012 
1956). 

? Hicks, Ise, and Pyle, Phys. Rev. 101, 1016 (1956). References 
to earlier work were included in this article. 

’ Crane, Higgins, and Bowman, Phys. Rev. 101, 1804 (1956). 

‘ Reines, Cowan, Harrison, and Carter, Rev. Sci. Instr. 25, 
1061 (1954). 

5 Fields, Studier, Mech, Diamond, Friedman, Magnusson, and 
Huizenga, Phys. Rev. 94, 209 (1954); Choppin, Thompson, 
Ghiorso, and Harvey, Phys. Rev. 94, 1080 (1954). 

® Harvey, Thompson, Ghiorso, and Choppin, Phys. Rev. 93, 
1129 (1954). 


ammonium a-hydroxy isobutyrate as the elutant.’ By 
measuring the fission rate after the complete decay of 
the fermium we determined that the sample contained 
sufficient californium-252 to yield 0.186+-0.007 spon- 
taneous fission per minute. When this background 
fission rate is subtracted, the measured decay of the 
sample is consistent with the expected 3.2-hour half-life. 


DATA AND ANALYSIS 


The neutrons from 3360 Cf?* fissions in the secondary 
standard fission counter were counted. Using #(Cf?*) 
= 3.82+0.12,? we found the over-all neutron-detection 
efficiency during the measurements to be 60.142.1%; 
the efficiency had fallen gradually over a period of 
several months from the original value of 80% because 
of the slow separation of part of the cadmium com- 
pound from the main body of the scintillation liquid. 

A total of 870 fissions was recorded from the fermium 
plus californium sample, giving the distribution of 
fissions vs numbers of observed neutrons shown in 
Table I. 


TaBLe I. Numbers of fissions with » observed neutrons. 
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160 265 110 28 8 





Fissions 42 








After correcting for the resolution of the apparatus 
and a background of 0.0050 pulse per fission, as 
described in reference 2, and after subtracting the con- 
tribution from the californium contamination, we ob- 
tained the ratio #(Fm™*) /p(Cf?) = 1.061+0.037 (stand- 
ard error). With the above value for »(Cf*5), the 
average number of prompt neutrons from the spon- 
taneous fission of fermium-254 is 4.05+0.19. 
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A Nal scintillation counter has been used to observe gamma rays from neutron inelastic scattering in 
B’, C, N, O, F, Mg, Al, S, Ca, Fe, Ni, Cu, Ta, Pb, and Bi. In most cases these gamma rays can be fitted 
into known level schemes of the target nuclides; however, a few gamma rays require the existence of previ- 
ously undetected levels. In addition, several gamma rays have been observed from (m,p’y) and(n,a’y) reac- 
tions. The problems involved in measuring absolute cross sections for the production of gamma rays are 
considered in detail. The usefulness of neutron inelastic scattering in nuclear spectroscopy is illustrated in 


several cases. 





I. INTRODUCTION 


HE inelastic scattering of neutrons by nuclei has 

presented an important problem for many years, 
not only because of its influence on the passage of 
neutrons through matter but also because the results 
of such measurements can be used to gain information 
on the level structure of nuclei and to test various 
nuclear models. Despite the importance of such meas- 
urements, it has only been in recent years that experi- 
mental techniques have been developed to the point 
that accurate cross sections can be measured and the 
spectra of the inelastically scattered neutrons deter- 
mined. 

There are several reasons for this delay. One is that 
for many years it was difficult to obtain a satisfactory 
source of monoenergetic neutrons. With the develop- 
ment of electrostatic accelerators and the availability 
of deuterium and tritium, one can now use the 
H'(p,n)He*®, H?(d,n)He*, and H*(d,n)He* reactions as 
variable energy sources of monoenergetic neutrons with 
sufficient intensity for many inelastic scattering experi- 
ments. The Li’(p,7)Be’ reaction is often used also, but 
the presence of two neutron groups here is sometimes a 
disadvantage. 

A second difficulty is the problem of obtaining a 
detector with sufficiently good resolution to separate 
the various groups of inelastically scattered neutrons. 
Photographic emulsions have provided a means of 
measuring neutron spectra, but the tedious process of 
measuring and counting the proton recoil tracks has 
inhibited the widespread use of this technique. Counter 
techniques based on the measurement of proton recoil 
energies have also been developed for the measurement 
of neutron energies. These generally fall into one of two 
classes: (1) counters with an output that gives the 
differential spectrum as a function of energy, and (2) 
counters that give an integral spectrum. The first class 
usually has a very low detection efficiency. Although 
the second can have high efficiency, this is offset by the 
fact that the output spectrum must be differentiated in 
order to deduce the neutron spectrum. Because of these 
deficiencies, proton recoil counter techniques have 


*Work performed under the auspices of the U. S. Atomic 
Energy Commission. 


found only a very limited application in neutron 
inelastic scattering measurements. The development 
in the past year of fast neutron time-of-flight tech- 
niques,' however, has provided a method of measuring 
fast neutron spectra that has fairly good resolution and 
reasonable efficiency. 

Because of the difficulties involved in measuring 
neutron spectra at the time this work was begun, it 
seemed advantageous to attempt to make measurements 
of neutron inelastic scattering from a different point of 
view. In most cases a nucleus that is raised to an 
excited state will decay to its ground state with the 
emission of gamma radiation. Since methods of gamma- 
ray spectroscopy have already been developed, these 
can readily be adapted to the problem of detecting the 
gamma rays accompanying inelastic scattering. In 
particular the Nal scintillation spectrometer combines 
fair resolution with good detection efficiency and has, 
therefore, proved to be a most useful tool in these 
studies. 

For levels that are high enough to be unstable to 
particle emission this method is of little value since the 
relative probability of gamma-ray emission is generally 
so low that the gamma rays will not be detected above 
the background. Although there are examples of un- 
bound levels where particle emission is forbidden, these 
are few. An additional difficulty occurs for levels that 
are highly internally converted. Since the internal 
conversion electrons are largely absorbed in the neutron 
scatterer, transitions of this type are difficult to detect. 
These considerations indicate that the usefulness of 
gamma-ray spectra in measurements of neutron inelastic 
scattering will be greatest in the lighter elements and 
for incident neutron energies below the neutron binding 
energy of the target nucleus. There are, however, many 
examples among the heavy nuclei where this technique 
is still useful since the internal conversion is often not 
too large except for low-energy or high multipole-order 
transitions. 

In a number of recent experiments’ the techniques of 


1L. Cranberg, International Conference on the Peaceful Uses 
of Atomic Energy, Geneva, 1955 (to be published). L. Cranberg 
and J. S. Levin, Phys. Rev. 100, 434 (1955). 

2 Scherrer, Theus, and Faust, Phys. Rev. 89, 1268 (1953); 91, 
1476 (1953); Scherrer, Smith, Allison, and Faust, Phys. Rev. 91, 
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gamma-ray spectroscopy have been applied to the 
problem of neutron inelastic scattering. In the following 
sections are presented the results of experiments on 
the gamma rays following neutron inelastic scattering* 
together with a discussion of the techniques used to 
obtain accurate cross sections for these reactions. In a 
number of cases the usefulness of neutron inelastic 
scattering in determining energy levels and decay 
schemes is also illustrated. 


II. EXPERIMENTAL PROCEDURE 


The counter used for gamma-ray detection consisted 
of a sodium iodide crystal 2.57 cm long and 2.54 cm in 
diameter mounted on a DuMont 6292 photomultiplier. 
The crystal was hermetically sealed in an aluminum 
container with walls 0.4 mm thick and was attached to 
the photomultiplier by a thin aluminum collar held in 
place by black electrical tape. The resolution of this 
detector for the Cs’ 662-kev gamma ray was 8%. 

Pulses from the scintillation counter were amplified 
in a Los Alamos Model 250 amplifier and preamplifier.‘ 
This is a nonoverloading amplifier having very good 
linearity and stability. After amplification the pulses 
were analyzed in a 10-channel pulse-height analyzer 
designed by Johnstone.® For some of the later work a 
much-improved version of the Hutchinson-Scarrott 
100-channel analyzer was used.* Since this analyzer 
had an average dead time of 500 usec, it was necessary 
to run a fast single-channel analyzer in parallel with it 
in order to make a correction for counting losses. 

Monoenergetic neutrons were produced by the 
H*(p,n)He’® reaction by bombarding a tritium gas cell 
with protons from the large Los Alamos electrostatic 
accelerator. The protons were analyzed by a magnet 
with a momentum resolution of about 0.1%. The 
main contributions to the spread in neutron energy 
arose from the stopping power of the tritium gas and 
from nonuniformities in the 0.0012-mm nickel foil at 
the entrance to the gas target. For most of the measure- 
ments reported here the average neutron energy at the 


768 (1953); Scherrer, Allison, and Faust, Phys. Rev. 96, 386 
(1954); R. M. Kiehn and C. Goodman, Phys. Rev. 93, 177 (1954); 
95, 989 (1954); Eliot, Hicks, Beghian, and Halban, Phys. Rev. 
94, 144 (1954); L. C. Thomson and J. R. Risser, Phys. Rev. 94, 
941 (1954); M. A. Rothman and C. E. Mandeville, Phys. Rev. 
93, 796 (1954); Rothman, Hans, and Mandeville, Phys. Rev. 100, 
83 (1955); Rayburn, Lafferty, and Hahn, Phys. Rev. 94, 1641 
(1954); 96, 381 (1955); 98, 701 (1955); G. L. Griffith, Phys. Rev. 
98, 579 (1955); R. M. Sinclair, Phys. Rev. 99, 1351 (1955); 
Garrett, Hereford, and Sloope, Phys. Rev. 92, 1507 (1953); M. E. 
Battat and E. R. Graves, Phys. Rev. 97, 1266 (1955); Freeman, 
Lane, and Rose, Phil. Mag. 46, 17 (1955); J. M. Freeman, Phil. 
Mag. 46, 12 (1955); Phys. Rev. 99, 1446 (1955); Beghian, Hicks, 
and Milman, Phil. Mag. 46, 924, 963 (1955); J. J. Van Loef, 
thesis, Utrecht, 1955 (unpublished). 

* A preliminary report on part of this work has been given [R. 
B. Day, Phys. Rev. 89, 908(A) (1953)]. 

*C. W. Johnstone, Los Alamos Scientific Laboratory Report 
LA-1878 (unpublished). 

5 C. W. Johnstone, Nucleonics 11, No. 1, 36 (1953). 

*J. D. Gallagher, Los Alamos Scientific Laboratory Report 
LA-1917 (unpublished); McKibben, Gallagher, and Lang, Inst. 
Radio Engrs., Convention Record 3, Part 10, 186 (1955). 
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scatterer was 2.557+-0.010 Mev, and the spread in 
energy (full width at half-maximum) was about 30 kev. 
The spread in energy was measured by observing the 
width of the transmission dip at the 2.087-Mev reso- 
nance in carbon and extrapolating to the higher energy. 
The position of this resonance also gave a check on the 
calculated neutron energy. For a number of elements 
where the first level could not be excited by 2.56-Mev 
neutrons, higher energies were used. Neutrons above 
4 Mev in energy were produced by the H?(d,n)He’ 
reaction. Except for the change in the neutron source 
reaction, conditions were the same. The neutron source 
strength was monitored by a “long counter” placed 
160 cm from the target at 90° to the beam. 

The experimental arrangement used in these experi- 
ments is shown in Fig. 1. The scintillation counter was 
mounted on the axis of the proton beam 40 cm from the 
center of the gas target. Shielding it from the direct 
neutron beam was a tungsten alloy cone 30 cm long. 
The diameters of the cone at the small and large ends 
were 0.64 cm and 3.02 cm, respectively. Scattering rings 
of various elements were suspended symmetrically 
about the crystal with their axes along the crystal axis. 
These rings had an inside diameter of 5.08 cm and an 
outside diameter of 7.08 cm or 10.16 cm. The smaller 
rings were used with the denser materials in order to 
reduce self-absorption of the gamma rays. The axial 
thickness of the rings was generally adjusted to give a 
neutron transmission of about 0.75, although for a 
number of elements rings of about twice this thickness 
were also used in investigating the effects of neutron 
multiple scattering. The shielding cone and scattering 
rings were suspended by light wires or strings, and in 
general all extraneous scattering material was kept at 
a distance. 

In measuring gamma-ray energies the effects of non- 
linearities and slow drifts in gain of the electronic 
equipment were eliminated with the aid of a precision 
pulse generator. Pulses from this could be fed into the 
preamplifier in parallel with the photomultiplier and 
adjusted to give pulses at the amplifier output of the 
same size as those occurring at peaks in the pulse-height 
distribution being analyzed. The calibration of pulse 
height in terms of gamma-ray energy was made by 
measuring the pulse heights of a number of gamma 
rays of known energy. Above 400 kev the pulse height 
was linear with energy within 3%; however, at lower 
energies a nonlinearity occurred in the scintillation 
counter that made the measurement of gamma-ray 
energies less accurate, except in the energy regions near 
calibration points. In order to minimize errors due to 
gain shifts in the photomultiplier with counting rate,® 
the counting rate was generally kept an order of magni- 
tude lower than that at which shifts of several percent 
were noticeable. In addition the energy calibrations 


7 A. O. Hanson and J. L. McKibben, Phys. Rev. 72, 673 (1947). 
§ Bell, Davis, and Bernstein, Rev. Sci. Instr. 26, 726 (1955). 
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with standard sources were made at about the same 
counting rates as those obtained from the inelastic 
scattering experiments so that any small gain shifts 
would tend to be canceled out. 


III. CROSS-SECTION MEASUREMENTS 


To obtain the cross sections for gamma-ray pro- 
duction by neutron inelastic scattering, one must know 
both the gamma-ray yield and the neutron flux incident 
on the scatterer, as well as the number of nuclei in the 
scatterer. These points are considered in detail in the 
following sections. 


1. Gamma-Ray Yield 


Because of the complexity of the pulse-height spectra 
produced in the scintillation counter, one can generally 
use only the photopeaks in determining the gamma-ray 
yields. To convert the number of counts in the photo- 
peak to a gamma-ray yield, it is necessary to know the 
photopeak efficiency for the geometrical arrangement 
of source and detector used. Calculations of the photo- 
peak efficiency have been reported,®° but these have 
applied only to point sources with the radiation incident 
on the flat face of a cylindrical crystal. Because of the 
complication of extending such calculations to the case 
of an extended ring source surrounding a cylindrical 
crystal, it seemed preferable to determine the photopeak 
efficiency empirically. 

The method used was to measure the number of 
counts produced in the photopeak by calibrated gamma- 
ray sources. The sources were solutions of Au'8(0.412 
Mev), Na”(0.511 and 1.277 Mev), Nb%(0.764 Mev), 
Sc**(0.885 and 1.119 Mev), and Na*™(1.370 and 2.754 
Mev) in thin-wall toroidal containers having the same 
dimensions as the scattering rings, namely (1) i.d.=5.08 
cm, 0.d.=10.16 cm, thickness=1.27 cm, and (2) id. 
=5.08 cm, o.d.=7.08 cm, thickness=1.00 cm. The 
containers were machined of polyethylene in order to 
reduce gamma-ray absorption and to avoid plating of 
the radioactive material on the walls. With these sources 
the actual geometrical conditions occurring in the 
scattering experiments could be duplicated. The vari- 
ation of the photopeak efficiency as a function of the 
axial position of the source was also measured in order 
to correct for the different thicknesses of the scatterers 
that were used. In the neutron experiments the scat- 
tering ring could be placed symmetrically about the 
scintillation crystal to an accuracy of better than 1 mm. 
To test the effect of possible positioning errors, the 
sources were displaced axially and radially about 1 mm. 
Since there was no detectable change in the counting 
rate it was concluded that no appreciable error could 
arise in this way. 

The determination of the gamma-ray intensity of 


® Maeder, Miiller, and Wintersteiger, Helv. Phys. Acta 27, 3 


(1954). 
0M. J. Berger and J. A. Doggett, Phys. Rev. 99, 663 (1955). 
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Fic. 1. Experimental arrangement for measuring gamma rays 
from neutron inelastic scattering. 


the sources was carried out by the 8-y coincidence 
method.!! Both the 6 and vy detectors were scintillation 
counters, the 8 counter generally having a 0.7-mm thick 
anthracene crystal and the y counter a large NaI(TI) 
crystal. Since the principal uncertainty in measurements 
of this kind arises from the sensitivity of the 8 counter 
to gamma rays, particular care was taken in determining 
this quantity. It was possible to calculate this sensi- 
tivity, and these calculations were in agreement with 
the experimentally determined values. In most cases 
the correction to the gamma-ray source strength for 
this effect was only of the order of 1%. Corrections 
for background and for accidental coincidences were 
kept small and were generally of the order of 1 to 3%. 
The sources were very thin to 6 particles and were 
placed far enough from the 6 detector so that its effi- 
ciency was approximately constant over the entire 
source. To check on the possibility of errors from 
coincidence losses due to rise-time delays and from 
possible after-pulses in the photomultiplier, the oper- 
ating conditions of the detectors and their associated 
equipment were varied over a wide range. The gamma- 
ray source strength was independent of these parameters 
in all cases, as was to be expected. 

The Na”, Nb®, and Sc*® were obtained from Oak 
Ridge and were stated to have a radioactive purity of 
>99%, except for Nb*®, which was >98%. The Au! 
and Na™ were prepared by neutron activation in the 
Los Alamos Water Boiler reactor. In the case of Au, 
care was taken to keep the neutron flux low enough 
to avoid the formation of an appreciable amount of 
Au™. Preliminary experiments showed that the half- 
lives of Au'* and Na™ thus prepared agreed within 1 
percent with the best values in the literature”; further- 
more, this was confirmed by the agreement of the 6-y 
coincidence measurements after correction for decay. 
Standard solutions of these high-purity sources were 
prepared, from which accurately measured aliquots 
were withdrawn and evaporated to dryness. At least 
three of these were counted for each solution to be 
standardized. The standard deviation of these source 
strength determinations, as determined from their 
internal consistency, was generally less than 1%. 


J. L. Putman, Brit. J. Radiol. 23, 46 (1950). 

2 Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25, 
469 (1953); P. M. Endt and J. C. Kluyver, Revs. Modern Phys. 
26, 95 (1954); E. E. Lockett and R. H. Thomas, Nucleonics 11, 
(neal 14 (1953); R. E. Bell and L. Yaffe, Can. J. Phys. 32, 416 
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Fic. 2. Photopeak efficiency of a Nal crystal 2.57 cm long and 
2.54 cm in diameter for ring sources placed symmetrically about 
the crystal as in Fig. 1. The sources were enclosed in toroids of 
rectangular cross section with the following dimensions: (a) o.d. 
= 7.08 cm, i.d.= 5.08 cm, thickness= 1.00 cm; (b) o.d.= 10.16 cm, 
i.d.=5.08 cm, thickness= 1.27 cm. The curves are corrected for 
self-absorption in the sources. 


After the solution had been standardized, an aliquot 
of suitable strength was withdrawn and placed in one 
of the polyethylene toroids. Water was then added to 
fill the entire volume of the toroid. This was suspended 
symmetrically about the NaI crystal whose efficiency 
was to be determined, and the photopeak counting rate 
was measured. The photopeak efficiency could then be 
obtained after small corrections had been made for 
gamma-ray absorption in the source and coincident 
detection of gamma rays in the three cases where more 
than one gamma ray is emitted. These corrections were 
calculated in a manner to be described later in this 
section. The results of the measurements of the photo- 
peak efficiency for a crystal 2.57 cm long and 2.54 cm 
in diameter are given as a function of gamma-ray energy 
in Fig. 2. For both source geometries it is seen that the 
logarithm of the photopeak efficiency is a linear function 
of the logarithm of the gamma-ray energy for energies 
between 0.5 and 2.8 Mev. The rms deviation of the 
experimental points from a linear least-squares fit in 
this region is 1.8% for the larger toroid and 2.6% 
for the smaller. The reason for the large deviation 
of the point at 1.37 Mev (Na™) is not understood. 
If one eliminates this point, the root-mean-square 
deviation of the other experimental points between 
0.5 and 2.8 Mev from a linear least-squares fit is reduced 
to 1.0% in both cases, From these results it appears 
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that the photopeak efficiency is known between 0.5 
and 2.8 Mev to an accuracy of about 2%. Between 
0.4 and 0.5 Mev the efficiency deviates from this 
simple power law, and the accuracy is correspondingly 
reduced. 

At gamma-ray energies below 0.4 Mev and above 
2.8 Mev, it was not possible to obtain radionuclides 
whose decay schemes were known as well as those used 
above. At these higher and lower energies, the procedure 
used was to calculate the total efficiency for producing 
a pulse in the Nal crystal and to multiply this efficiency 
by the ratio of the number of pulses in the photopeak 
to the total number of pulses produced by the gamma 
ray. (Above 3 Mev the pair peak was used instead of 
the photopeak.) This ratio was obtained experimentally 
at a number of different gamma-ray energies and a 
smooth curve was drawn through the points. The 
theoretical results of Maeder ef al. and of Berger and 
Doggett” were used as an aid in getting the correct 
shape of this curve. 

If one has a plane wave of neutrons parallel to the 
z;-axis of a scattering ring, the number of pulses pro- 
duced in the gamma-ray detector is proportional to the 


quantity 

1 7 Btig—Hilip—nale 

 {——arar, (1) 
4nV, 19" 


P= 


where yu is the neutron attenuation coefficient in the 
ring, #1 is the gamma-ray absorption coefficient in the 
ring, /, is the path length of the gamma ray in the ring, 
ue and J, are the corresponding quantities in the de- 
tector, 712 the distance between volume elements in the 
ring and detector, and V; and V2 refer to the volumes 
of the ring and detector. Because of the nature of the 
expression for /;, 2, and 712, this integral cannot be 
integrated in closed form. Accordingly, a numerical 
evaluation by means of Simpson’s rule was carried out 
on a high-speed digital computer (the Los Alamos 
MANIAC). The quantity y is the absorption coefficient 
in Nal and is proportional to the sum of the cross 
sections for the photoelectric effect, Compton scattering, 
and pair production. The appropriate cross sections 
were obtained from the compilation of White.” 

The factor e~“* was included here only to approxi- 
mate the source distribution of gamma rays in the 
scattering ring. Calculations showed that for the scat- 
tering rings used in these experiments, the Nal counter 
efficiency was essentially independent of whether the 
gamma rays had an exponential or uniform distribution 
in the ring. Furthermore, the effects of multiple neutron 
scattering tended to make the distribution more 
uniform. Therefore, this exponential could have been 
omitted from the efficiency and self-absorption calcu- 
lations. 

The total efficiency of the detector can be obtained 


3G. R. White, National Bureau of Standards Report NBS- 
1003, 1952 (unpublished). 
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by evaluating the expression for P with u.=0. These 
values were compared with experimental values for the 
total efficiency that were obtained with the calibrated 
gamma-ray sources. The agreement between these two 
ways of determining the total efficiency was within the 
experimental accuracy of 5 to 10%. 

Since the scattering samples did not all have the same 
axial thickness, it was necessary to make a correction 
for the variation of efficiency with length. This cor- 
rection was obtained experimentally from a deter- 
mination of the photopeak efficiency as a function of 
the axial position of several toroidal gamma-ray sources, 
and also by calculation from the expression for P. Since 
the experimental and calculated values were in good 
agreement, the calculated corrections were used there- 
after. The maximum correction required was only 5%. 

In order to obtain the true gamma-ray yield from a 
scattering ring, it is necessary to correct for self- 
absorption in the ring. This correction was obtained 
from the ratio P(ui=0)/P(u1). A difficulty here lies in 
determining what to use for 1, since the entire Compton 
scattering cross section does not contribute to the 
gamma-ray absorption. The effective absorption co- 
efficients for Al and Fe at six energies between 0.1 Mev 
and 2.8 Mev were obtained from gamma-ray trans- 
mission experiments in a geometry close to that used 
in the neutron inelastic scattering experiments; i.e., 
the gamma-ray sources were placed on top of the 
absorbers and at a distance from the center of the Nal 
crystal equal to the average radius of the scattering 
rings. The effective absorption cross sections were also 
calculated in the following way. Compton scattering 
interactions were considered as inelastic gamma-ray 
scattering in which the direction of the gamma ray 
was unchanged. Thus the gamma ray is effectively 
absorbed only if its energy is reduced sufficiently to 
place it below the energy band included in the photo- 
peak of the NaI detector. Knowing the photopeak 
width, one can then calculate an effective Compton 
cross section. The total cross section was obtained by 
adding this to the photoelectric and pair cross sections 
obtained from the tables calculated by White.” The 
cross sections calculated in this way agreed within 2% 
with the cross sections obtained from the transmission 
measurements, except at gamma-ray energies below 200 
kev. The cross sections used in the integral for P were 
obtained in this manner, but with the photopeak width 
adjusted slightly to give better agreement with the 
experimentally determined cross sections. At energies 
below 200 kev the absorption coefficients were obtained 
experimentally. 


2. Neutron Flux Measurements 


During the course of the inelastic scattering measure- 
ments, the neutron flux was monitored by a long counter 
placed at 90° to the beam. In order to obtain the neutron 
flux incident on the ring scatterer in terms of the 
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monitor count, the shielding cone, ring, and detector 
were removed, and a second long counter was placed 
at 0° to the beam, subtending the same angle as the 
scattering ring. The ratio of the counting rates in the 
two long counters was then measured for each neutron 
energy, and the absolute efficiency of the second 
long counter was obtained with the aid of a Ra-Be 
source placed at the position of the center of the 
target. The statistical accuracy of such calibrations was 
1% or better; however, in a number of determi- 
nations of the constant relating the monitor counting 
rate to the neutron flux at the scatterer, the standard 
deviation of these measurements was 1.8%. This 
higher figure presumably reflects the effect of possible 
shifts in the amplifier gain and bias setting over a 
period of several weeks. The usual background cor- 
rections were obtained by measuring the counting rates 
with the long counters shielded by a large paraffin cone 
and also with the target cell evacuated. However, no 
correction for room-scattered neutrons was applied to 
the monitor at 90°, since this is a constant effect that 
is proportional to the total flux. 

A number of corrections have to be applied to the 
flux calibration constant mentioned above. In the first 
place, it is known that many Ra-Be sources do not have 
an isotropic intensity distribution. For this reason, the 
angular distribution of neutrons from the standard 
source was measured with a long counter and a small 
correction was applied for its anisotropy. By proper 
orientation of the source this correction could be made 
less than 1%. Second, a correction for counting losses 
in the long counters had to be applied, which was 
generally less than 2%. This correction was obtained 
experimentally by the two-source method and by 
measuring the total number of neutron counts for a 
fixed charge as the proton beam current was varied. 
The two methods gave results in general agreement 
although the second cannot be considered as reliable as 
the first because of local heating of the tritium gas by 
the beam, which causes a reduction in neutron yield. 

Third, one must consider the possible difference in 
long-counter efficiency for a Ra-Be source and for 
monoenergetic neutrons of the energies used here. 
Measurements have shown that the long-counter 
efficiency is constant within 2% for various poly- 
energetic sources, but that at neutron scattering reso- 
nances in carbon it exhibits variations of the order of 
5%. Since none of the work reported here was done 
at neutron energies near carbon resonances, this latter 
effect could be neglected. However, recent investi- 
gations of the long-counter efficiency for monoenergetic 
neutrons have shown that the efficiency is not flat 
at all but has slow variations of as much as 15%."* 
These results were obtained by comparing the counting 


4 Nobles, Day, Henkel, Jarvis, Kutarnia, McKibben, Perry, 
and Smith, Rev. Sci. Instr. 25, 334 (1954). 

16 J, E. Perry, Jr. (private communication). I am indebted to 
Dr. Perry for permission to use these results before publication. 
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rate in the long counter with that in a “counter tele- 
scope” which counted the proton recoils from a poly- 
ethylene radiator that were emitted into a fixed solid 
angle. The counter telescope gives absolute neutron 
fluxes with a standard error of 3% or less. The effi- 
ciency of the long counter as determined in this manner 
is 6% higher at 2.56 Mev than the efficiency obtained 
using a calibrated Ra-Be source and assuming the 
long-counter efficiency to be constant.'* The corrections 
obtained from Perry’s work were used here; however, 
because of the apparent discrepancy with the earlier 
work of Nobles ef a/., the standard error in the neutron 
flux was doubled and taken to be 6%. The neutron 
flux calibration is independent of the absolute value of 
the Ra-Be source since the source is now used only to 
provide a reference flux. 

The effect of the tungsten cone on the neutron flux 
at the scattering ring was investigated by removing 
the ring and placing a stilbene scintillation counter at 
the same position. The pulse-height spectrum from this 
counter was then observed with the cone in place and 
with it removed. There was no detectable change in the 
shape of the pulse-height distribution ; furthermore, the 
integral number of counts under the pulse-height 
distribution was the same within 1%. Thus the cone 
has no effect on the fast neutron flux. 

The possible presence of thermal neutrons was tested 
by placing a U™* fission ionization chamber at the ring 
position, leaving the cone in place. The difference in 
the counting rates of this chamber with and without a 
cadmium cover is then a measure of the thermal neutron 
contamination. Since the counting rates were the same 
within the statistical error of 3%, it is apparent that 
the thermal neutron contamination was negligible. 

A test for epithermal neutrons was made by meas- 
uring the counting rate in a BF; proportional counter 
when it was shielded from the neutron source by the 
tungsten cone. This counting rate was of the order of 
one-half the counting rate with the cone removed. Since 
the relative background of a fast-neutron counter, such 
as a long counter, as measured in this way is only about 
2%, it appears that there is a small number of epi- 
thermal neutrons present. Thus reactions that have 
a large cross section in this region, such as B(n,a)Li’, 
cannot easily be measured with accuracy. 

It is generally assumed that the T(p,n) and D(d,n) 
reactions give monoenergetic neutrons for bombarding 
energies below 4.4 Mev. However, this assumption 
neglects the possibility that unforeseen experimental 
difficulties can affect the spectrum. Over the past few 
years a number of measurements have been made by 
L. Rosen of the neutron spectra produced by these 
reactions.” The results after subtraction of all back- 

16 Somewhat similar results have also been obtained by W. D. 
Allen, Atomic Energy Research Establishment, Harwell Report 
NP/R 1667, 1955 (unpublished). 

17 These measurements were made by the photographic emul- 


sion technique. I should like to thank Dr. Rosen for permission 
to quote these results. 
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grounds indicate that a small fraction of the total 
number of neutrons (of the order of 2 to 3%) may 
have energies below that calculated. The origin of these 
lower energy neutrons is not understood. It is clear, 
however, that their possible presence must be considered 
in accurate neutron experiments. 

Closely allied with the problem of neutron flux 
measurement is that of neutron multiple scattering in 
the scatterer. Ordinarily one assumes that each neutron 
interacts only once in the scatterer, which leads to the 
usual exponential neutron flux distribution. However, 
after being scattered once, there is often a good chance 
that a neutron will be scattered again. The probability 
for this depends on the dimensions of the scatterer and 
the scattering cross sections. If one assumes that a 
plane wave of neutrons is normally incident on the 
scatterer along the z-axis, the gamma-ray yields re- 
sulting from the first and second scatterings can be 
written 


Tin 
Y,=Ny(i-e“)—, (2) 


Co: 

Gin Nod da (6) 

Y2=—ky f fem (1 —e')dVag, (3) 
On V dQ 


where No is the number of neutrons incident on the 
scatterer, o, and o;, are the total and inelastic scattering 
cross sections, y» the total attenuation coefficient, d the 
scatterer thickness, m the number of nuclei per cm’, 
da(@)/dQ the differential scattering cross section, / the 
neutron path length to the surface of the ring after the 
first scattering, and k, the fraction of neutrons that can 
produce an inelastic event after their first interaction. 

It was clear from early experiments that Eq. (2) was 
not satisfactory since cross sections calculated using it 
alone did not agree when different sizes of scatterers 
were used for the same element. Therefore, Eq. (3) was 
also included in the cross-section calculations to take 
multiple scattering into account. The integral was 
evaluated numerically on a high-speed computer by 
using the Gauss integration formula. At the time these 
calculations were originally made, the only angular 
distributions that had been measured for neutrons in 
the energy range of interest were those of Jurney and 
Zabel'* using a beam of fission spectrum neutrons and 
U*8 or Np”? fission ionization chambers as detectors. 
The median neutron energies for fission spectrum 
neutrons measured with these detectors are 2.5 Mev 
and 1.0 Mev, respectively, while the average energies 
are 3.0 Mev and 2.5 Mev. Thus the angular distributions 
measured with the U** detector should be repre- 
sentative of the true angular distributions for mono- 
energetic neutrons. Calculations of Eq. (3) with 
da/dQ as a variable parameter have been made to learn 
how sensitive the integral is to this factor. These 


18 E. T. Jurney and C. W. Zabel, Phys. Rev. 86, 594 (1952); 
Los Alamos Scientific Laboratory Report LA-1339 (unpublished). 
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calculations have shown that if the radial and axial 
ring thicknesses are approximately the same (within a 
factor of 2) then o;» is quite insensitive to the particular 
form of the angular distribution. In fact, the change in 
oin was generally less than 1 to 2% even when an 
isotropic angular distribution was assumed. Thus Eq. 
(3) is seen to treat correctly the inelastically scattered 
neutrons, which are generally assumed to have an 
isotropic angular distribution, providing that the 
attenuation coefficient » does not change appreciably 
with energy. The angular distributions actually used 
in the calculations of cross sections were those of 
reference 18. 

For larger rings, the ratio Y2/Y; becomes large 
enough to indicate that it is not sufficient to consider 
only two interactions in the scatterer. However, if one 
extends the method indicated above to successive 
interactions, the calculations immediately become 
exceedingly tedious. Therefore, the assumption has 
been made that P;,,/P; is a constant (P; is the proba- 
bility of the 7th collision), since the necessary quantities 
can now be obtained from Eqs. (2) and (3) with the 
help of the following relations: 


Y= NoPi(oin/or), 
Y.= Nok2P2(oin/or), 


Y=)" V = No(oin/or)>, kP; 
=NoPi(oin/or) >, ka*, 


(4) 


where a= P;,;/P;=constant, and Nok; is the number of 
neutrons that can produce an inelastic event at the ith 
interaction. This assumption has been tested for a 
number of different cases by calculating the probability 
of the first five collisions in the ring by a Monte Carlo 
technique. These calculations have shown that Pj4:/P; 
is indeed approximately constant as long as the radial 
and axial thickness of the ring do not differ by more than 
a factor of two. Under these conditions the two methods 
of correcting for multiple scattering [Monte Carlo and 
Eq. (4) ] give cross sections that agree within at least 
1%. 

In order to test the accuracy of the calculations 
outlined above, the cross section for excitation of the 
847-kev state in Fe®® was measured for a number of 
scattering rings of different sizes. The cross sections 
calculated from Eq. (2) are shown in Fig. 3 plotted 
against ring thickness, together with the cross sections 
after correction for multiple scattering. The agreement 
of the corrected cross sections is remarkably good and 
indicates that the multiple-scattering problem has been 
treated correctly. It is significant that the multiple- 
scattering correction is appreciable even for the smaller 
rings. This indicates that it is not worth while to 
sacrifice gamma-ray intensity by making a sample 
small in an attempt to avoid the problem of multiple- 
scattering corrections. 

Since the multiple-scattering corrections require a 
great deal of tedious computing unless a high-speed 
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Fic. 3. Cross section for excitation of the 847-kev gamma ray 
in Fe by neutron inelastic scattering as measured with rings of 
different sizes. The inner and outer diameters were 5.08 cm and 
7.08 cm, respectively, with only the axial thickness being varied. 
The circles give the cross sections calculated from Eq. (2), while 
the triangles give these cross sections after correction for multiple 
neutron scattering. The solid curve shows the theoretical variation 
of the gamma-ray yield caused by multiple scattering. 


computer is available, it is interesting to consider 
alternative ways of calculating the inelastic scattering 
cross sections. The easiest is to neglect completely the 
effects of all neutron scattering and to assume that the 
neutron flux is constant throughout the scatterer, in 
other words that the effects of multiple scattering just 
cancel out the neutron attenuation at the first collision. 
This method has also been used to calculate the gamma- 
ray cross sections to be presented in Sec. IV. The root- 
mean-square difference between the cross sections 
calculated in this way and those calculated with the 
multiple-scattering corrections was only 3.5%, with the 
simple method generally giving smaller cross sections. 


3. Errors 


The principal errors in the measurement of the 
gamma-ray cross sections arise in the determination 
of the gamma-ray yield and the neutron flux. It has 
been shown that the standard error in the photopeak 
efficiency is about 2% in the range 0.5 to 2.8 Mev. 
Above and below this energy range, where calculated 
efficiencies were used, the photopeak efficiency is known 
with an accuracy of 5 to 10%. With more work it seems 
possible that this figure could be reduced to 5% or less. 
The determination of the gamma-ray yield also involves 
a correction for self-absorption in the scattering ring. 
If this correction is kept below 25%, the error it con- 
tributes to the yield is only about 1%. 

The measurement of the neutron flux in the experi- 
ments described here is believed to have a standard 
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error of about 6%. As mentioned previously this is 
twice the error involved in flux measurements with a 
counter telescope, the increased error being due to 
apparent inconsistencies between the determination 
of the long counter efficiency with the counter tele- 
scope’® and with calibrated Ra-Be sources.‘ From the 
work shown in Fig. 3 it appears that the additional 
error introduced in making corrections for neutron 
multiple scattering is less than 2%, provided the cor- 
rection is of the order of 50% or less. It is necessary 
also to consider the possible presence of the anomalous 
low-energy neutrons mentioned in the preceeding 
section. 

Since many elements can be obtained with purities 
of 99% or better, the error in determining the number 
of nuclei per cm’ is generally negligible. In those cases 
where the purity is questionable, however, a chemical 
analysis can be made. 

Since the counting rates are usually high enough to 
give a negligible statistical error, one sees from a con- 
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sideration of the errors listed above that the standard 
error in these experiments could be as low as 8% 
whereas if a counter telescope were used for the neutron 
flux measurements the error would be reduced to 5%. 
However, in many cases the problem of determining 
the background to be subtracted introduces the largest 
source of error. Therefore, these figures apply only to 
strong gamma rays. Additional errors arise from the 
process of analyzing a complicated pulse-height spec- 
trum to obtain the contribution of each gamma ray. 
These points are considered in more detail in the section 
on background. 


IV. RESULTS 


In the experiments described here, the neutrons were 
incident on the ring scatterers at an average angle of 
5°. Since the detector was at the center of the ring, the 
angle of observation of the gamma rays with respect 
to the neutron beam was 95°. Strictly speaking then, the 
experiments gave the differential cross section for 


Tas.e I. Gamma rays from neutron inelastic scattering. In the second column the isotope emitting the gamma ray is given, where 
it can be identified. A comparison with the energies obtained from other reactions and from radioactive decay is given in the fourth 


column. 








Element Isotope Ey (Mev) Comparison Reference 


Element Isotope Ey (Mev) Comparison Reference 





Beryllium Be® None 
Boron Li? 0.4782-0.004 
BY 0.717+0.007 
Carbon Cc# 4.42 +0.03 
Nitrogen N* 2.30 +0.05 
Oxygen or 6.094+0.06 
Fluorine Fe 0.110+0.001 
Fe 0.197+0.002 
FY 1.234+0.020 
FY 1.358+0.010 
1.46 +0.030 
1.56 +0.03 
1.368+0.010 
1.616+0.016 
1.820+0.018 
0.166+-0.003 
0.840+-0.008 
1.017+0.010 
2.21 +0.020 
0.077+0.002 
2.23 +0.020 
0.030+-0.002 
0.508+-0.005 
0.767+0.007 
0.877+0.017 
1.152+0.020 
3.74 +0.03 
3.9 +0.1 
0.12340.0012 
0.847+0.008 
1.241+0.012 
1.405+0.010 
2.18 +0.06 
2.3 +0.1 


0.477 
0.719 
4.43 


a 
b 
a 
a 
a 
a 
a 
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Magnesium 


Aluminum 


Sulfur 


Calcium 





0.827+0.008 
1.329+0.010 
1.453+0.014 
2.18 +0.04 

0.365+0.005 
0.651+0.006 
0.764+0.010 
0.958+0.010 
1.110+0.010 
1.325+0.010 
1.41 +0.03 

1.47 +0.03 

1.55 +0.03 

1.88 +0.04 

2.07 +0.02 

2.52 +0.03 

0.137+0.002 
0.164-+0.004 
0.350+0.004 
0.4850.005 
0.5330.005 
0.570+0.010 
0.661+0.010 
0.802+0.008 
0.8880.010 
1.43 +0.03 

1.73 +0.03 

2.620+0.020 
0.904+0.009 
1.615+0.016 
2.600+0.020 


0.85 
1.3325 
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2.158 
0.37 
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gamma-ray emission at 95°; however, the results 
quoted later will be this differential cross section 
multiplied by 4x. This is the same as the total inelastic 
cross section if one assumes an isotropic angular dis- 
tribution for the gamma rays. For excited states with a 
spin of 0 or 1/2 this assumption is justified; in other 
cases it will be necessary to measure the gamma-ray 
angular distribution in order to obtain the correct total 
inelastic cross section. It is perhaps worth noting that 
the proper corrections can be made if the relative 
angular distribution is known from 0° to 90° or 90° to 
180° since the narrow width of bound states compared 
to their spacing guarantees angular symmetry about 
90°. 

Angular distributions of the stronger gamma rays 
can be measured by moving the gamma-ray detector 
along the axis of the scattering ring. This method has 
the disadvantage that the detection efficiency varies 
with angle; however, a correction for this variation can 
be calculated. In this way Day and Walt have obtained 
the angular distributions of several gamma rays, which 
were found to have the expected symmetry about 90°." 

Unless stated otherwise, the pulse-height spectra and 
cross sections discussed in the following sections have 
been obtained at a neutron energy of 2.557 Mev. How- 
ever, in a few cases higher energies were used where 
they were necessary in order to excite the first excited 
state. These will be mentioned specifically. 

The energies of the strong gamma rays, whose photo- 
peak positions could be measured with good precision, 
have generally been assigned an accuracy of about 
1%. This is based on the author’s subjective feeling 
that the results should not often be farther from the 
correct value than this. In general, the reproducibility 
of the gamma-ray energies was within a few tenths of a 
percent, except for the weaker lines. From a comparison 
of the energies obtained here with accurate energies 
obtained from other experiments, it appears that the 
errors quoted here represent a 95% confidence limit; 
in other words they are approximately two standard 
deviations. The results of the gamma-ray energy meas- 
urements for a number of elements are summarized in 
Table I, together with a comparison with the best 
energy values obtained from other types of experiments. 

The cross sections obtained as described above are 
given in Table II. The corrections for multiple scattering 
obtained from Eqs. (3) and (4) have been used. In 
addition, a correction has been applied to Eq. (2), to 
take into account the non-normal incidence of the 
neutrons on the scattering rings. The results contained 
in Tables I and II are discussed in more detail below. 


1. Background 


In many cases the limitation on the cross-section 
accuracy that is obtainable is provided by the presence 
of background peaks in the pulse-height distribution. 


19 R. B. Day and M. Walt (unpublished). 
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These peaks are produced partly by gamma rays re- 
sulting from neutron interactions in the room in which 


the experiment is carried out. However, a second and 


TABLE IT. Cross sections for gamma rays from neutron inelastic 
scattering. The cross sections given here are 4x times the differ- 
ential cross section at 95°. 








Isotopic 
cross 


section sect 
Isotope (millibarns) (millibarns) 


Be® <0.3 <0.3 
Be® <0.2 <0.2 
Be® <1.8 <1.8 
F . Be® <0.3 <0.3 
BY ; ’ B” 3143 31 
Carbon Y 353459 357 
Nitrogen 6+3 6 
Oxygen 104+25 104 
Fluorine 193438 193 
537472 537 
50+13 50 
307432 307 
57+16 57 
21+10 21 
485+42 618 
19+4 189 
1743 151 
1.6+0.4 1.6 
6447 
142+13 
87+8 
12+2 
173416 
125+63 
102+15 
71418 
7+4 
2346 
73430 
36+16 
12+2 
859+69 
4145 
47+5 
5+1 
2+1 
56+10 
181+21 
387437 
17+5 
49+10 
71418 
47+15 
367448 
166+21 
110+18 
60+20 
30+15 
49+ 10 
26+9 
3747 
<3 
452+64 
244437 
138+42 
855+110 
143426 
215438 
69+21 
344437 
143+21 
32416 
48+21 
427453 
264+26 
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Element 
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more important source of background in the experi- 
ments described here arises from inelastic scattering 
and neutron capture in the scintillation crystal itself. 
The neutrons producing this background may be 
scattered into the crystal from the room, but the 
principal source is the ring scatterer itself. Figures 4 
and 5 show typical pulse-height distributions obtained 
at neutron energies up to 3 Mev when a carbon scat- 
terer is used. At these energies gamma rays can be 
produced in the carbon isotopes only by radiative 
capture, and it is known that the cross section for this 
process is very low.” Thus the pulse-height distributions 
shown here represent background effects entirely. In 
general, it can be seen that the shape of these back- 
ground curves changes slowly with neutron energy. 
The fact that the higher energy lines disappear with 


reve) 


eet 


a 


E264 
SCATTERER 


=2.12 


4 
2 
0 
8 
6 
4 
2 
le) 
8 
6 
4 
2 
0 
8 
6}- 
4 
2 
0 
8 
6 
4 
2 
0 


COUNTS PER CHANNEL 


Sof £09025 © 8090250 © SOD 


SEE, 0.52 


° 


10 20 30 40 60 70 

PULSE HEIGHT 

Fic. 4. Low-energy background pulse-height distribution pro- 
duced by neutrons of the energies shown, normalized to a constant 
neutron flux incident on the scatterer. A carbon ring scatterer was 
used in the arrangement illustrated in Fig. 1. Photopeak energies 
are given in Mev just above the top curve. The ordinate changes 
by a factor of 10 for each energy ; however, the same scale is used 
for the two curves at E,=2.64 Mev. 


on Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77 
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decreasing neutron energy suggests that they arise 
from inelastic scattering in the crystal; however, the 
growth in intensity of the 138-kev gamma ray suggests 
that it originates in an (,y) reaction. 

The work of Lind and Van Loef*' on inelastic neutron 
scattering in I'*? shows that the following gamma rays 
of those shown in Figs. 4 and 5 arise from neutron 
interactions with I'?7: 58, 138, 204, 396, 441, 634, 742, 
and 1012 kev. Many of these also show up in the decay 
of Te!’ and Xe’, although the agreement of the 
energies is sometimes outside the accuracy of the experi- 
ments. More careful work on inelastic scattering in 
T27 would be required to clear up the discrepancies 
between the energies of some of the gamma rays ob- 
served in inelastic scattering and those observed 
following the decay of Te’ and Xe”’. The gamma ray 
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Fic. 5. Higher energy background pulse-height distribution 
produced by neutrons of the energies shown, normalized to a 
constant neutron flux incident on the scatterer. A carbon ring 
scatterer was used in the arrangement illustrated in Fig. 1. Photo- 
peak energies are given in Mev just above the top curve. The 
ordinate changes by a factor of 10 for each energy; however, the 
same scale is used for the two curves at E,=2.64 Mev. 


% J. J. Van Loef and D. A. Lind, Phys. Rev. 98, 224 (1955), and 


J. J. Van Loef, reference 2. 
2 J. P. Mize and J. D. Knight (private communication). 
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Fic. 6. Pulse-height distribution obtained with a beryllium ring, 
together with the background from a carbon ring. E,= 2.56 Mev. 


at 441 kev may also be due in part to inelastic scattering 
in Na*. 

The two-inch diameter photomultiplier used for 
these pulse-height distributions was not completely 
shielded from the direct neutron beam by the tungsten 
cone. When smaller phototubes become available, a 
detector made with one of them showed no peaks at 
1.8 and 2.2 Mev, and in addition the peak at 1 Mev was 
reduced in size. It seems probable that the 1-Mev and 
2.2-Mev peaks originate in inelastic neutron scattering 
in the aluminum light shield, while the 1.8-Mev line 
comes from the silicon in the tube envelope. Studies of 
the background as a function of the distance of the 
detector from the neutron source indicate that the 841- 
kev gamma ray arises mainly from inelastic scattering 
in the iron floor of the accelerator building. A part of 
this line may also be contributed by inelastic scattering 
in aluminum. 

The peaks mentioned above are superimposed on a 
pulse-height continuum produced by two effects: (1) 
inelastic scattering in I?’ involving unresolved levels 
above 1 Mev, and (2) radiative capture. This continuum 
is generally not so objectionable as the discrete peaks 
since it can be subtracted from an observed pulse-height 
spectrum more easily. 

Since the differential cross sections for neutron 
scattering at 95° are usually not known, it is not possible 
to measure the exact background in each case by ob- 
serving the pulse-height distribution with a carbon ring 
of suitable size. In addition there is the difficulty that 
the spectrum of scattered neutrons would not be the 
same. Therefore, the procedure used in subtracting the 
background has been to normalize the background 
obtained with a carbon scatterer at the appropriate 
primary energy to that part of the pulse-height distri- 
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Fic. 7. Pulse-height distribution for B®. E,=2.56 Mev. 


bution above the energy of the highest gamma ray 
produced by the scatterer in question. If this procedure 
is not possible, one can sometimes normalize to a 
prominent peak that is known to be a background peak. 
Since the shape of the background pulse-height curve 
does change with energy (although slowly), this method 
of subtraction can introduce errors when the inelastic 
scattering is an appreciable fraction of the total. For 
the weaker gamma-ray lines in a spectrum this is often 
the largest source of error. In the pulse-height distri- 
butions shown later, the background has not been 
subtracted ; thus one can see how important it is relative 
to the gamma rays being studied in a particular element. 

After the background was subtracted, the pulse- 
height distribution for each gamma ray was peeled off 
one at a time, beginning with the highest energy line. 
In performing this operation, standard pulse-height 
distributions obtained from monoenergetic gamma rays 
were used. This process involved a considerable amount 
of trial and error in the more complicated spectra; 
consequently, it introduced possible additional errors 
in these cases. 


2. Beryllium 


Since Be® has no known levels that are stable to 
particle emission,” one would not expect to be able to 
observe gamma rays from neutron inelastic scattering 
in a beryllium target. However, it is possible that the 
width for decay by neutron emission might be inhibited 
by the centrifugal barrier or other factors to such an 
extent that gamma-ray decay might compete in an 
observable manner. This possibility is strengthened by 
the fact that the level at 2.4 Mev has an observed width 
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Fic. 8. Pulse-height distribution for carbon. E,=6.58 Mev. 





less than 1 kev.” In addition, there is recent evidence 
for a level near 1.8 Mev,” and if this level has properties 
similar to that of the 2.4-Mev level, its lower energy 
for neutron emission would enhance the relative 
probability of gamma-ray emission. 

With these considerations in mind, a search was made 
for gamma rays between 1.5 and 2.5 Mev that might be 
produced by neutron bombardment of beryllium. A 
typical pulse-height distribution is shown in Fig. 6, 
together with the pulse-height distribution obtained 
with a carbon scatterer. The only peaks that might be 
produced by gamma rays from beryllium are at 1.8 
and 2.2 Mev. However, these also occur in the back- 
ground, and they are almost certainly due to inelastic 
scattering in the Si and Al of the phototube and its 
light shield. An upper limit for the Be®(n,n’y)Be® 
reaction can be obtained by subtracting the magnitudes 
of the peaks in the carbon spectrum from those in the 
beryllium spectrum after normalizing them to the same 
primary neutron flux. One then obtains 0.3 and 0.2 
x 10-7 cm? as the upper limits for the cross sections 
of the 1.8-Mev and 2.2-Mev gamma rays, respectively. 

A second measurement was made at the peak of the 
2.74-Mev resonance in Be, where the inelastic scattering 
cross section would be expected to be bigger and where 
the 2.4-Mev level could now be excited. Again the 
results were negative, the upper limits for 1.8- and 2.2- 
Mev gamma rays being 1.8 and 0.3X10-*" cm, re- 
spectively. The larger values for the cross sections 
at this energy are probably due to an increase in the 
background, which was measured only at 2.56 Mev. 

% Gossett, Phillips, Schiffer, and Windham, Phys. Rev. 100 
203 (1955). 

*F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77 
(1955); L. L. Lee, Jr., and D. R. Inglis, Phys. Rev. 99, 96 (1955). 
However, the latest evidence (reference 23) shows that the 


experimental results do not necessarily imply the existence of a 
state here but can be interpreted in terms of a three-body breakup. 
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3. Boron-10 


The scattering ring used here was made by com- 
pressing amorphous boron, enriched to 95% B", with 
8% (B"):0O; added as a binder. A typical pulse-height 
distribution is shown in Fig. 7. Only the peaks at 
478 and 717 kev are definitely produced by neutron 
reactions in B™; the others are background and Comp- 
ton peaks, except for a broad peak at 23 volts that 
results from backscattering of the 478-kev gamma ray. 
If any higher energy gamma rays were present, they 
were concealed by background peaks and were not 
observable here. 

It is well known that the reaction B’°(n,a)Li’ pro- 
duces a 478-kev gamma ray that results from de- 
excitation of the first excited state of Li’. In order to 
show definitely that the 478-kev line observed here was 
from this reaction, an excitation curve as a function of 
primary neutron energy was measured. This curve 
exhibited the rapid rise at lower energies (around 500 
kev) as well as the resonance at 1.9 Mev that would be 
expected of the B'(n,a) reaction®®; however, because 
of difficulties resulting from the presence of epithermal 
neutrons it was not possible to make absolute measure- 
ments of the cross section. The gamma ray at 717 kev 
arises from the decay of the first excited state of B” 
after an inelastic scattering reaction. The position of 
this level has already been well established from a 
number of experiments on different reactions.” 


4. Carbon 


The first excited state of C” at 4.43 Mev has been 
observed in many nuclear reactions. In order to see 
whether it could be excited by neutron inelastic scat- 
tering, a graphite ring was bombarded by 6.5-Mev 
neutrons. The pulse-height distribution then obtained 
is shown in Fig. 8. This displays the typical triad of 
peaks to be expected from a high-energy gamma ray. 
The energy of this gamma ray was obtained by com- 
parison with the 4.43-Mev gamma ray from a Po-a-Be 
source and proved to be the same within the statistical 
accuracy. It is interesting to note that the relative 
background is quite low in this experiment; hence it 
should be easy to detect high-energy gamma rays that 
have much lower cross sections. 


5. Nitrogen 


A suitable nitrogen scattering sample was made by 
compressing melamine (C;HsN¢g) into a disk and then 
machining out the center. Since no evidence of gamma 
rays from nitrogen was obtained at 2.56 Mev, a survey 
was made at primary neutron energies between 3.1 
Mev and 4.2 Mev in steps of 0.1 Mev. At the higher 
energies there was some evidence of a 2.3-Mev gamma 
ray. Figure 9 shows the average of several pulse-height 
distributions obtained at 3.9 Mev with the melamine 


% Petree, Johnson, and Miller, Phys. Rev. 83, 1148 (1951). 
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ring and with a polyethylene ring. By measuring the 
pulse-height distributions alternately with the two, it 
was found that the peak at 30 volts was consistently 
broadened and shifted toward higher pulse heights for 
the melamine ring. From these measurements the 
presence of a 2.30+0.05-Mev gamma ray can be 
inferred. This is in good agreement with the energy of 
the first excited state of N™.” Although it is ener- 
getically possible to excite a 2.14-Mev gamma ray in 
the N"(n,a’y)B" reaction, the gamma-ray energy 
measurement would seem to exclude this possibility. 

The reason why the inelastic scattering cross section 
should be so small compared with those of other light 
elements is not understood. Perhaps it may be due to 
the change of isotopic spin between the ground state 
and first excited state of N™. 


6. Oxygen 


The energy level spectrum of O' is quite different 
from that of most of the other elements in that it has 
no excited states below 6 Mev and the first excited 
state has spin zero and even parity.” Since 0-0 gamma- 
ray transitions are forbidden, this state is expected to 
decay primarily by the emission of nuclear pairs, and 
these have been observed in a number of experiments.” 
In order to determine whether this type of transition 


could be observed by detecting the annihilation radi- 
ation accompanying the positron decay, a_ hollow 
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Fic. 9. Pulse-height distribution obtained with a melamine 
ring (C3HgNe), together with the background from polyethylene 
(CHe). E,x=3.95 Mev. 
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Fic. 10. Pulse-height distribution for oxygen. The three peaks 
between 46 and 60 volts result from inelastic scattering by the 
carbon in the polyethylene container. E,= 7.06 Mev. 


polyethylene toroid filled with H,O was bombarded 
by 7.0-Mev neutrons. To obtain this neutron energy 
it was necessary to use the H?(d,n)He* reaction, and 
the interaction of the bombarding deuterons with the 
nickel foil on the gas target cell produced such a high 
positron background that the pairs from the O'* decay 
could not be detected. 

At the neutron energy used here, it is also possible 
to excite the second excited state (3—) in O'*. Figure 10 
shows the high-energy end of the pulse-height spectrum 
observed. The three highest peaks are from a gamma 
ray whose energy is measured to be 6.09 Mev. The 
agreement with the energy (6.14 Mev) of the 3~ state 
in O'* is excellent and shows that this gamma ray comes 
from O"*. To show that it does not come from the carbon 
in the polyethylene toroid, a carbon ring was bombarded 
with 7-Mev neutrons. The pulse-height spectrum then 
exhibited only the three peaks identified in Fig. 10 as 
being from the reaction C”(n,n’y). 


7. Fluorine 


The fluorine scattering sample was machined from 
Teflon (CF,). It was immediately evident that there 
were two intense low-energy gamma rays, corresponding 
to transitions from the low-lying states originally 
observed by Mileikowsky and Whaling.”® Figure 11(a) 
shows the low-energy spectrum, measured at a neutron 
energy of 1.35 Mev, where the background from 
neutrons and higher-energy gamma rays is smaller. 
The energies of the two peaks at 110 and 197 kev were 
measured by comparison with the gamma rays from 
Lu'”’.27 The peak at a pulse height of 39 volts is about 
the right energy for a gamma ray from a cascade 


26 C, Mileikowsky and W. Whaling, Phys. Rev. 88, 1254 (1952). 
27 P. Marmier and F. Boehm, Phys. Rev. 97, 103 (1955). 
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Fic. 11. Pulse-height distributions for fluorine. 
(a) E,=1.35 Mev, (b) E,=2.56 Mev. 


transition between the 197- and 110-kev levels; how- 
ever, it is more likely that it results from backscattering 
of the 110-kev gamma ray. Assuming that it is due 
entirely to the cascade transition, we obtain an upper 
limit for its probability relative to that for the 197-kev 
gamma ray of 6X 10-. 

At one time there was a suggestion from work in- 
volving the mirror nucleus, Ne’, that F" might have a 
third level near these two. Therefore, a search was made 
for a gamma ray between 200 and 400 kev, but without 
success. If such a gamma ray exists, its intensity 
relative to the 197-kev line is less than 1% for a 
primary neutron energy of 2.56 Mev, unless it lies so 
close to the strong 197-kev line that it cannot be 
resolved. 

The pulse-height spectrum resulting from higher- 
energy gamma rays is shown in Fig. 11(b). There is 
good evidence here for gamma rays of 1.234, 1.358, and 
1.46 Mev. The evidence for a 1.56-Mev gamma ray is 
somewhat weaker and depends critically on the shape 
of the background. Recent work®* on proton inelastic 
scattering by F™ has shown that there are states in 
F at 1.342 Mev, 1.452 Mev and 1.551 Mev with the 
following properties: The 1.34-Mev and 1.45-Mev 
states decay primarily to the 110-kev state, although 
the latter also decays to the ground state and 197-kev 
state. The 1.55-Mev state decays to the 197-kev state, 
with an upper limit of 4% of the transitions going 


an Toppel, Wilkinson, and Alburger, Phys. Rev. 101, 1485 
1956). 
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to the ground state. The results given here on neutron 
inelastic scattering by F™ are in good agreement with 
these except for the doubtful line at 1.56 Mev. 
Recently Freeman*® has published some results on 
the excitation curves for the 1.23-Mev and 1.36-Mev 
gamma rays. She finds that the thresholds for these 
lines in the center-of-mass system are 1.43 Mev and 
1.55 Mev, respectively. Therefore, she claims that they 
arise from the decay of levels at 1.43 Mev and 1.55 
Mev, in disagreement with the experiment of Toppel 
et al. A possible explanation is that the density of levels 
in the compound nucleus is not great enough to provide 
an observable excitation of the 1.34-Mev and 1.45-Mev 
levels at their true thresholds. This is strengthened by 
the fact that Freeman’s data show a center-of-mass 
threshold for the 197-kev gamma ray of about 250 kev. 


8. Magnesium 


The principal magnesium isotope, Mg*‘, has a well- 
known level at 1.370 Mev.* Figure 12 shows that this 
level is strongly excited by neutron inelastic scattering. 
In addition there are gamma rays present of energy 
1.62 Mev and 1.81 Mev. These are very likely from 
Mg” and Mg**, respectively, since the agreement of 
the energies with those of known levels in these 
isotopes” is excellent. Mg”® is known to have lower- 
lying levels as well, but the high background from the 
Compton spectrum of the 1.37-Mev gamma ray and 
from neutron interactions in the crystal precluded these 
from being observed. A very weak line at 1.97 Mev also 
appeared in some of the measurements and may have 
been real since a level of that energy is known in Mg”. 
However, it could not be reproduced reliably so it has 
not been included in these results. 
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Fic. 12. Pulse-height distribution for magnesium. 
n= 2.56 Mev. 


2” J. M. Freeman, Phys. Rev. 99, 1446 (1955). 
% P. M. Endt and J. C. Kluyver, Revs. Modern Phys. 26, 95 
(1954). 
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Although the 2.21-Mev gamma ray is superimposed 
on a background line, there is no doubt that it is really 
present; however, it is difficult to fit it into the level 
scheme of the magnesium isotopes since none of them 
has a known level at that energy. We have, therefore, 
considered the possibility that it arises from an im- 
purity. Chemical analysis of the magnesium sample 
showed that although it was alleged to have a purity 
of >99% it actually contained 3% of aluminum. The 
2.2-Mev gamma ray in aluminum appears to have a 
cross section large enough to account for only half of 
the intensity of this line in magnesium, but in view 
of the errors in subtracting the background it is felt 
that the entire effect here can probably be ascribed to 
the aluminum impurity. 


9. Aluminum 


The gamma rays at 0.84 Mev, 1.02 Mev, and 2.21 
Mev (shown in Fig. 13) are the ground-state transitions 
from the first three excited states of Al’’. These states 
are already well-known from experiments on proton 
inelastic scattering.” There has been some evidence for 
a level in Al?’ near 1.7-1.8 Mev.*°.*® However, recent 
experiments on proton inelastic scattering® have failed 
to reveal this level, and we also find no evidence for it 
here. 

The low-energy end of the pulse-height spectrum 
(not shown in Fig. 13) shows a peak at 166 kev that is 
well resolved from the background peak at 204 kev and 
that has the proper width for a 166-kev photopeak. 
Since its width is too small for it to be the result of 
backscattering of the higher energy gamma rays, it is 
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Fic. 13. Pulse-height distribution for aluminum. 
E,=2.56 Mev. 


'T am indebted to J. J. Van Loef (Utrecht) for pointing out 
the difficulty in fitting this gamma ray into the magnesium level 
schemes and for suggesting that it arose from an aluminum 
impurity. 

® Rayburn, Lafferty, and Hahn, Phys. Rev. 98, 701 (1955). 
=— Zimmerman, and Buechner, Phys. Rev. 96, 725 
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Fic. 14. Pulse-height distribution for sulfur. 
E,=2.56 Mev. 


probably a cascade gamma ray from the 1.02-Mev 
level to the state at 0.84 Mev. Its intensity is approxi- 
mately 1% of that of the 1.02-Mev line. 

According to the shell model one expects Al?’ to have 
three low-lying levels of even parity and spins 1/2, 3/2, 
and 5/2. Since the ground state is known to be 5/2+,* 
one might expect the first two excited states to have 
spins of 1/2 and 3/2. The theoretical transition proba- 
bilities*® then give the best agreement with the observed 
branching ratio if one assigns 1/2+ to the 0.84-Mev 
level and 3/2+ to the 1.02-Mev level.** 


10. Sulfur 


Experiments on proton inelastic scattering by S* 
have revealed a number of levels,® the lowest of which 
is at 2.24 Mev. The pulse-height distribution [Fig. 
14(b)] obtained with a sulfur ring shows a strong 
gamma ray at 2.23 Mev which clearly corresponds to 
this level. In addition, levels have also been reported 
at 0.5 and 1.5 Mev from the P*!(d,n)S® reaction.” In 
order to look for these levels with a smaller background, 
the neutron energy was reduced just below the threshold 
for the 2.23-Mev gamma ray. However, there was no 
evidence for any lower energy gamma rays that might 
arise from levels in S*®. Since the existence of levels in 
S® below 2 Mev would contradict the known systematic 
behavior of first excited states in even-even nuclei,*® 


4M. G. Mayer and j H. D. Jensen, Elementary Theory of 
Jo 


Nuclear Shell Structure 
1955). 

35 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952). 

36 T should like to thank P. M. Endt and J. C. Kluyver (Utrecht) 
for calling my attention to this point. 

37S. C. Snowdon, Phys. Rev. 87, 1022 (1952). 

38 G. Scharff-Goldhaber, Phys. Rev. 90, 587 (1953). 


hn Wiley and Sons, Inc., New York, 
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Fic. 15. Pulse-height distributions for calcium. E,=3.95 Mev. 
The peaks identified in (c) are the pair peaks of 3.74-Mev and 
3.9-Mev gamma rays. 


the earlier results from the P*(d,n)S® reaction are 
probably spurious. This conclusion is strengthened by 
a recent experiment in which no neutron groups were 
found from P*!(d,n) corresponding to excited states of 
S® below 2.2 Mev.* 

The low-energy end of the pulse-height distribution 
for sulfur [ Fig. 14(a) ] has a peak at 77 kev that is poorly 
resolved from the 58-kev background peak. From the 
agreement of its energy with that of the first excited 
state® of P® it is probable that this line originates in the 
S*(n,p’y)P® reaction. To test this hypothesis further, 
a rough excitation curve was measured for the 77-kev 
gamma ray. This curve was in qualitative agreement 
with that given in the literature” for S*(n,p)P®. The 
fact that it was not zero at a neutron energy of 2 Mev 


®F, A. El Bedewi and M. A. El Wahab, Proc. Phys. Soc. 
(London) A68, 754 (1955). 

“FE. D. Klema and A. O. Hanson, Phys. Rev. 73, 106 (1948); 
T. Hiirlimann and P. Huber, Helv. Phys. Acta 28, 33 (1955). 
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excludes the possibility that the 2.2-Mev level is a 
doublet with a separation of 77 kev, while the rapid 
decrease in cross section below 2 Mev is not what 
would be expected for excitation of a 77-kev level by 
inelastic scattering. Therefore, it is fairly certain that 
we have here an example of an (m,p) reaction. 


11. Calcium 


The principal calcium isotope is Ca“, which is a 
doubly magic nucleus and might thus be expected to 
have a first excited state with spin zero and even 
parity.**! This would then decay by nuclear pair 
emission as does a similar state in O'*. From experiments 
on proton inelastic scattering, the first excited state of 
Ca® is known to be at 3.348 Mev.™-” In order to excite 
this level, a calcium ring was bombarded with 4.0-Mev 
neutrons. The pulse-height distributions obtained at 
three different amplifier gains are shown in Fig. 15. 
Of particular interest is the 0.508-Mev gamma ray. 
Within the experimental error the energy of this line 
is identical with that of positron annihilation radiation ; 
however, its intensity is of the order of one hundred 
times too great for it to come from external pair forma- 
tion by the high-energy gamma rays present. To de- 
termine whether this radiation could result from the 
decay of a level of Ca, a rough excitation curve 
was obtained. It was found that the threshold for the 
0.508-Mev line occurred at a neutron energy of 3.36 
+0.05 Mev in the center-of-mass system, the principal 
uncertainty being due to the fact that the neutron 
energy was varied in steps of 0.1 Mev. The excellent 
agreement of this threshold with the energy of the first 
excited state of Ca shows that this state very likely 
decays by emitting nuclear pairs and therefore is a 0* 
state. Nuclear pairs from this state have also been 
observed directly by Bonner ef al.“ following proton 
inelastic scattering. 

In order to check the possibility that the annihilation 
radiation might result from the positron decay of a 
radioactive nuclide, some rough activation measure- 
ments were made. These showed that the half-life of 
the state giving rise to the 0.508-Mev gamma ray was 
less than 0.5 sec; furthermore, no positron-emitting 
nuclides are known that can be formed by the bom- 
bardment of calcium with 4-Mev neutrons. Thus these 
results strengthen the conclusion that the level at 3.35 
Mev is 0F. 

The other gamma rays appearing in Fig. 15 can be 
assigned to known energy levels by means of the agree- 
ment of their energies with the known values. The 30- 
kev gamma ray probably results from the Ca‘°(n,p’y)K” 
reaction, since K* has a low-lying level at 32 kev“; 


41 T am indebted to G. Scharff-Goldhaber for calling this to my 
attention and for suggesting the experiment that follows. 

“ C. M. Braams (private communication). 

48 Bent, Bonner, and McCrary, Phys. Rev. 98, 1325 (1955). 

“ Buechner, Sperduto, Browne, and Bockelman, Phys. Rev. 
91, 1502 (1953). 
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furthermore, we have already seen that (n,p) reactions 
can be excited to an observable extent. The 0.767-Mev 
and 0.877-Mev gamma rays also probably result from 
the Ca”(n,p’y)K® reaction. Analysis of proton groups 
from K*(d,p)K® has revealed the presence of levels at 
0.800 Mev and 0.893 Mev,“ and the gamma rays 
observed here probably represent transitions from these 
levels. The spin assignments suggested by Endt and 
Kluyver® (that the ground and first three excited states 
are 4-, 3-, 2-, and 5-, respectively) lead one to expect 
that the 0.80-Mev level decays to the 30-kev state and 
the 0.89-Mev level to the ground state. The energies 
of the gamma rays observed here are in agreement with 
this suggestion. 

The 1.15-Mev gamma ray might arise from a tran- 
sition between the 2.03-Mev and 0.89-Mev levels in 
K“; however, the barrier factor for the outgoing proton 
in this case would probably reduce the cross section 
for the (n,p) reaction to such an extent that this line 
could not be observed. Since the agreement of its 
energy with that of the first excited state of Ca“ is 
excellent,® it is most likely that it results from inelastic 
scattering by this nucleus. 

The high-energy part of the pulse-height spectrum 
in Fig. 15(c) has a group of peaks that appear to be from 
two closely spaced high-energy gamma rays. A peak 
at 2.72 Mev probably represents the pair peak of a 
3.74-Mev gamma ray, while the location of the unre- 
solved pair peak of a 3.9-Mev gamma ray is also indi- 
cated. These gamma rays are probably from the second 
and third excited states of Ca, which the work of 
Braams et al. has shown to lie at 3.730 Mev and 3.900 
Mev. However, it is difficult to decompose the spectrum 
of Fig. 15(c) into its component parts using the known 
line shapes of gamma rays of these energies. This 
difficulty may be due to the presence of additional 
unresolved lines. Since this spectrum has been repeated 
a number of times under different conditions, one can 
be sure that the lines indicated are really present and 
are not spurious; however, the values obtained for the 
gamma-ray cross sections are much less accurate than 
they would be without this uncertainty. 


12. Iron 


The pulse-height spectrum for iron is shown in Fig. 
16. The intense line at 0.847 Mev represents a transition 
from the first excited state of Fe®*. This state is well- 
known from the decay of Mn** “ and Co*,*®.46 and has 
also been found in proton inelastic scattering by Fe®*.“” 
The 1.24-Mev line occurs in the decay of Co* in a 
transition from a state at 2.09 Mev in Fe** to the first 
excited state.*® From the analysis of the angular dis- 


45 Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25, 
469 (1953). 

46 Sakai, Dick, Anderson, and Kurbatov, Phys. Rev. 95, 101 
(1954). 

47 Phillips, Gossett, Schiffer, and Windham, Phys. Rev. 99, 655 
(1955). 
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Fic. 16. Pulse-height distribution for iron. E,=2.56 Mev. 


tribution of the gamma radiation from aligned Co** 
nuclei** it has been shown that the 2.09-Mev level is 
4*, It is interesting to note that a spin change of 4 units 
is necessary to excite this level, yet it is easily observable 
only 500 kev about its threshold. This fact suggests that 
neutron inelastic scattering may prove useful in nuclear 
spectroscopy in investigating energy levels that cannot 
be reached by inelastic scattering of charged particles 
or by radioactive decay. 

In addition, neutron inelastic scattering is useful in 
determining decay schemes since the primary neutron 
energy at which a particular gamma ray appears is 
often very close to the theoretical threshold for exciting 
the level from which the gamma ray comes. To see 
whether the 1.41-Mev gamma ray was a cascade line 
from a level at 2.26 Mev in Fe** to the 0.85-Mev level, 
the primary neutron energy was lowered to 2.18 Mev. 
Since the line was still present, it was clear that it 
could not be in cascade with the 0.85-Mev gamma ray, 
and was, therefore, probably from a 1.4-Mev level in 
one of the iron isotopes. Since the systematics of even- 
even nuclei would predict a level in Fe at 1.4 Mev,** 
there was a good probability that the 1.4-Mev gamma 
ray arose from inelastic scattering in this isotope. This 
has been confirmed by recent experiments on proton 
and neutron inelastic scattering by Fe using separated 
targets.*7;” 

Fe*’ has an excited state at 137 kev that decays 


( 48 Poppema, Siekman, and Van Wageningen, Physica 21, 223 
1955). 

“R. M. Sinclair, Phys. Rev. 99, 1351 (1955); Beghian, Hicks, 
and Milman, Phil. Mag. 46, 963 (1955). 
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principally to its first excited state at 14 kev.‘ 
Although this isotope has an abundance of only 
2.2% in normally occurring iron, it was of interest 
to see whether inelastic scattering could be observed. 
Accordingly, an iron ring with a radial thickness of 
1.5 mm was made in order to minimize the self-absorp- 
tion of the low-energy gamma ray expected. The 
average of a number of pulse-height distributions 
obtained with this ring is shown in Fig. 16(a), and the 
expected gamma ray stands out clearly at 123 kev. 
The energy of this line is in good agreement with the 
energy measured for the same line following the decay 
af Ca" * 

In addition to the gamma rays shown in Fig. 16 
there was also a suggestion of a gamma ray near 2.2 
Mev. A close examination of this region with a small 
scintillation counter having no background peak at this 
energy revealed the existence of an asymmetric peak 
that appeared to result from two gamma rays of energy 
2.18 Mev and 2.3 Mev. It is not clear where these 
gamma rays might originate. 


13. Nickel 


From the decay of Co™ it has become well established 
that Ni® has a 2+ level at 1.33 Mev and a 4+ level at 
2.50 Mev which decays by emitting a 1.17-Mev gamma 
ray to the 2+ level.** The pulse-height distribution for 
nickel in Fig. 17 shows a strong line at 1.33 Mev that 
is clearly from the 2* state. Since the primary neutron 
energy was barely above the threshold for exciting the 
4* state, one would not have expected to observe the 
1.17-Mev gamma ray above the Compton background 
of the two strong lines. 

Recent work on proton inelastic scattering using 
separated nickel targets has shown that the first ex- 
cited state of Ni®* is at 1.45 Mev.*! Thus the 1.45-Mev 
gamma ray observed here is undoubtedly from this 
level since its intensity is so great that it must come 
from either Ni®* or Ni®, and it cannot be fitted into the 
Ni® level scheme. 
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Fic. 17. Pulse-height distribution for nickel. E,=2.56 Mev. 
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The two other gamma rays, at 0.83 Mev and 2.18 
Mev, arise from the decay of a 2.16-Mev level in Ni®. 
The fact that the sum of the energies of the 0.83-Mev 
and 1.33-Mev gamma rays was the same within experi- 
mental error as the energy of the 2.18-Mev line origi- 
nally suggested that the 0.83-Mev line might be a 
cascade transition from a 2.16-Mev level. This hy- 
pothesis was confirmed by showing that the 0.83-Mev 
gamma ray disappeared as the primary neutron energy 
was reduced to 2.18 Mev. In addition, these gamma rays 
have been observed by Nussbaum ef al. in the decay 
of Cu®, and the branching ratio obtained by these 
investigators is in agreement with the one obtained 
here. A very weak 2.158-Mev gamma ray has also been 
observed by Wolfson® in the decay of Co, but the 
Compton background from the other gamma rays 
prevented his observing the 0.83-Mev line. 
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Fic. 18. Pulse-height distribution for copper. Z,=2.56 Mev. 


14. Copper 


The pulse-height spectrum for copper, which is 
given in Fig. 18, was the most complicated of those 
observed. Because of the large number of gamma rays 
present the problem of decomposing the pulse-height 
spectrum to find the contributions of the individual 
lines was more difficult than usual; consequently, the 
errors in the intensity of the weaker gamma rays are 
larger than would otherwise be the case. In particular 
the region from 1.3 Mev to 1.6 Mev is difficult to 
unravel. There are clearly at least three gamma rays 
here, but in the analysis of some of the pulse-height 
spectra the 1.44-Mev line appeared to be a doublet 
composed of two gamma rays of energy 1.41 Mev and 
1.47 Mev. Since other considerations make it plausible 
that both these lines should be present, they have been 
included in Tables I and II. However, without this 
additional evidence we should have been inclined to 


® Nussbaum, Van Lieshout, Wapstra, Verster, Ten Haaf, 
Nijgh, and Ornstein, Physica 20, 555 (1954). 
83 J. L. Wolfson, Can. J. Phys. 33, 886 (1955). 
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say that the 1.44-Mev peak resulted from a single 
gamma ray. 

The problem of assigning the gamma rays observed 
here to various levels of the copper isotopes has been 
greatly aided by recent measurements of proton in- 
elastic scattering made with separated targets of Cu® and 
Cu*®.5! These measurements showed that there were 
levels in Cu® at 0.669 Mev, 0.968 Mev, 1.326 Mev, 1.410 
Mev, and 1.549 Mev, while no levels were observed in 
Cu®. Except for the lowest energy gamma ray, these en- 
ergies are in good agreement with those of the correspond- 
ing gamma rays observed here; hence the latter can be 
assigned to Cu®. In addition, the decay of Zn®™ has 
shown that there are levels in Cu® at 1.89 Mev and 
2.60 Mev,*® which accounts for two of the higher- 
energy lines. Finally, it is possible that the 0.764-Mev 
line is a cascade gamma ray between the 1.41-Mev and 
0.67-Mev levels. A measurement of the threshold for 
this gamma ray would help in settling this point, but 
this has not yet been done. 

Although Schiffer e/ a/."' found no excited states in 
Cu®, it is known from the decay of Zn® and Ni® that 
there are levels at 1.11 Mev and 1.49 Mev.* A fairly 
strong 1.11-Mev gamma ray can be seen in Fig. 18, in 
addition to a 0.365-Mev gamma ray that is probably a 
transition from the 1.49-Mev level to the 1.11-Mev 
state. The existence of the low-energy line implies that 
there should also be a 1.49-Mev line since the decay 
of Ni® shows us that the 1.49-Mev level decays also 
to the ground state.*® It is because of this evidence for 
the excitation of the 1.49-Mev level in addition to the 
evidence from proton inelastic scattering for a 1.41- 
Mev level in Cu® that we are inclined to attach some- 
what more weight to the previously mentioned possi- 
bility that the 1.44~-Mev gamma ray is a doublet. 

The origin of the 2.07-Mev gamma ray is still un- 
known. It probably comes from a previously undis- 
covered level of this energy in one of the two copper 
isotopes. 

15. Tantalum 


The low-lying levels of Ta!* have recently been 
investigated rather extensively by means of Coulomb 
excitation. The results have shown that there are two 
levels at 137 kev and 303 kev that are part of the ground- 
state rotational band. In order to investigate these 
levels by neutron inelastic scattering it was necessary 
to use a tantalum ring only 0.25 mm thick radially in 
order to reduce self-absorption of the gamma rays. The 
pulse-height distribution obtained with such a ring is 
shown in Fig. 19. Here the 137-kev gamma ray from the 
first excited state is strongly excited, as well as the 164- 
kev cascade transition from the second excited state. 
Although the latter gamma ray appears here only as a 

%T. Huus and C. Zupancic, Kgl. Danske Videnskab Selskab 
Mat-fys. Medd 28, No. 1 (1953); McClelland, Mark, and Good- 
man, Phys. Rev. 97, 1191 (1955); N. P. Heydenburg and G. M. 


Temmer, Phys. Rev. 100, 150 (1955); P. H. Stelson and F. K. 
McGowan, Phys. Rev. 99, 112, 127 (1955). 
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Fic. 19. Pulse-height distribution for tantalum. £,=2.56 Mev. 


bump on the high-energy side of the 137-kev peak, it 
was easily seen in pulse-height distributions made at 
higher amplifier gains. 

The 485-kev gamma ray is the ground-state transition 
from a level of that energy which also decays to the 
137-kev level by the emission of the 350-kev gamma 
ray. Both of these gamma rays have been studied 
previously in the decay of Hf'*'.“ 

After subtraction of the background, there was a 
small peak near 300 kev superimposed on the Compton 
peak of the 485-kev gamma ray. However, this peak 
was somewhat too broad for a photopeak ; furthermore, 
the Compton distribution of the 485-kev line did not 
have the correct shape. The anomalous shape of the 
Compton distribution resulted from uncertainties in 
determining the correct background to be subtracted. 
Therefore, it was not possible to extract any quanti- 
tative information on the intensity of the line (or lines) 
near 300 kev. Nevertheless, it is worth noting that the 
303-kev level is known to decay also to the ground 
state; hence, the presence of the 164-kev gamma ray 
implies that a 303-kev gamma ray should also be 
present. 


16. Lead 


The pulse-height distribution for a lead ring is shown 
in Fig. 20. Since the lowest level of Pb?* is at 2.62 
Mev,* it would not have been excited at a primary 
neutron energy of 2.56 Mev; therefore, the gamma rays 
seen here are all from Pb”* and Pb”? (Pb has too 
small an abundance for its gamma rays to be detected). 
However, when the primary neutron energy was in- 
creased to 3 Mev, the well-known 2.62-Mev gamma ray 
from Pb*® did appear. 
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Fic. 20. Pulse-height distribution for normal lead. 
n= 2.56 Mev. 


In attempting to determine which gamma rays in 
Fig. 20 are to be assigned to Pb”* and which to Pb®”, 
the level schemes for these isotopes that have been 
worked out from studies of the decay of Bi?*® and 
Bi”? 5 are very useful. However, all of the low states 
of the lead isotopes may not be populated by the 8 
decay of Bi®* and Bi”; in fact, three of the gamma rays 
observed here do not fit into the known level schemes. 
Therefore, it was of considerable value in settling the 
origin of these lines that radiolead, which contains 
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Fic. 21. Pulse-height distribution for radiolead (0.06% Pb™, 
89.34% Pb”, 8.25% Pb*®?, 2.35% Pb**). E,=2.56 Mev. 


sh E. Alburger and M. H. L. Pryce, Phys. Rev. 95, 1482 
(1954). 

56 N. H. Lazar and E. D. Klema, Phys. Rev. 98, 710 (1955); 
D. E. Alburger and A. W. Sunyar, Phys. Rev. 99, 695 (1955). 
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about 89% Pb**, was available in sufficient quantities 
for a scattering sample to be made.” Figure 21 shows 
the pulse-height distribution obtained with such a ring 
after the natural background from the ring had been 
subtracted. Background from RaE 8 particles was elimi- 
nated by surrounding the NaI counter with 1.5 mm 
of aluminum. However, the bremsstrahlung produced 
by these 6 particles was the main source of background 
and could not be eliminated. 

From a comparison of Figs. 20 and 21 one can see 
that the 0.661-Mev, 0.802-Mev, 1.43-Mev, and 1.73- 
Mev gamma rays are from Pb”® (the 1.73-Mev peak 
in Fig. 20 appears displaced because of the 1.8-Mev 
background peak). In addition the question as to the 
interpretation of the broad peak at 0.56-Mev in the 
spectrum for normal lead can now be cleared up. From 
Fig. 21 we see that Pb** has a 0.533-Mev gamma ray, 
and if a photopeak of the proper width and amplitude 
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Fic. 22. Pulse-height distribution for bismuth. E,=2.64 Mev. 


is subtracted from Fig. 20 one is left with a 0.57-Mev 
peak. This is just the energy of the first excited state 
of Pb*7.°* In addition, the 0.888-Mev gamma ray 
agrees well in energy with the second excited state of 
Pb”’. There is also an isomeric state in Pb’ at 1.63 
Mev, which decays by emitting a 1.06-Mev gamma ray 
to the first excited state. The neutron excitation of this 
level has previously been measured by an activation 
technique®*; however, the photopeak for the 1.06-Mev 
gamma ray would fall close to a background peak here, 
and the cross section reported for excitation of this 
isomeric level is then too low for it to have been de- 
tected in this experiment. Possible low-energy gamma 
rays were not looked for in lead because of the large 
self-absorption at these energies. 


57 This material was obtained from Atomic Energy of Canada 
Limited, Commercial Products Division, Ottawa, Canada. 
58 PH. Stelson and E. C. Campbell, Phys. Rev. 97, 1222 (1955). 











y RAYS FROM NEUTRON 

The 0.802-Mev and 0.533- Mev lines can be assigned 
to levels in Pb”* that are known from studies of the 
decay of Bi?*.5° Thus the first is a transition from the 
first excited state, while the second is a cascade tran- 
sition from a 3* level at 1.34 Mev to the first excited 
state. The other three Pb”* lines, however, cannot be 
fitted into the level scheme deduced by Alburger and 
Pryce.® This fact is not surprising when one considers 
that the levels above 0.80 Mev that are populated in 
the Bi®* decay all have spins greater than 2. Thus 
states with spins of 2 or less, which would be most 
easily excited in neutron inelastic scattering, would 
have been skipped. In order to introduce as few new 
levels as possible to fit these data, one might assume a 
level at 1.73 Mev that decays to the ground state and 
a level at 1.46 Mev that decays both to the ground 
state and to the first excited state. Recent data on the 
excitation curves for these gamma rays tend to support 
these assignments. 


17. Bismuth 


Inelastic scattering by bismuth is of particular 
interest since it has not previously been possible to 
obtain information on the energy levels of Bi® from 
other reactions or from radioactive decay. The pulse- 
height spectrum obtained with a bismuth ring is shown 
in Fig. 21. The three gamma rays seen here arise from 
ground-state transitions from excited states of the same 
energy. This fact has been established by the work of 
Kiehn and Goodman,® which showed that the two 
lower energy gamma rays had the thresholds to be 
expected of ground-state transitions, and by measure- 
ments here which showed that the threshold of the 
high-energy line was at 2.60 Mev (see Fig. 22). 


® R. B. Day, A. E. Johnsrud and D. A. Lind, Bull. Am. Phys. 
Soc. Ser. II, Vol. 1, No. 1, 56 (1956). 
6 R. M. Kiehn and C. Goodman, Phys. Rev. 95, 989 (1954). 
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Surface oscillations in nuclei with deformation potentials independent of the shape parameter y are dis- 
cussed, and are found to describe qualitatively the regularities in even-even nuclei of the type discussed by 


Scharff-Goldhaber and Weneser. 





I. INTRODUCTION 


ARIOUS investigators' have pointed out the fol- 
lowing regularities in even-even nuclei: 

(1) The ground-state character is invariably 0+. 
The first excited state has character 2+ with very few 
exceptions. The second excited state is 0+, 2+, 4+ or 
odd spin, either parity. 

(2) The energy of the first excited state is correlated 
with proton and (especially) neutron number, passing 
through distinct maxima at closed shells. 

There exist particular classes of even-even nuclei 
which exhibit further characteristic regularities. Per- 
haps the most striking of these nuclei are those which 
display rotational spectra.?* These are found with great 
regularity in the region 150< A <185 and A >225. They 
are characterized by: 

(3) The low-lying energy levels follow the energy 
spectrum 


E=constI (I+1), 


with the character 

(4) 0+, 2+, 4+, ---. 

(5) For many purposes these nuclei are found to be 
very accurately described in terms of a body possessing 
an axially symmetric deformation of order two. The 
wave functions for the rotational states are then 
given by 

¥=Yiu(6,¢), 


where @ and ¢ describe the orientation of the symmetry 
axis. The intrinsic quadrupole moment (p of the system 
is large compared with single-particle moments, giving 
rise to enhanced £2 radiation. 

(6) Qo is correlated with the energy of the first 
excited state, Z,, such that large Qo correspond to 
small E;. The rotational energies are considerably 


*A preliminary report has been given by M. Jean and L. 
Wilets, Compt. rend. 241, 1108 (1955). 

+ Holder during most of this work of a National Science Founda- 
tion Post-doctoral Fellowship, which is gratefully acknowledged. 

1M. Goldhaber and A. W. Sunyar, Phys. Rev. 83, 906 (1951); 
G. Scharff-Goldhaber, Phys. Rev. 90, 587 (1953). 

2A. Bohr, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd. 
26, No. 14 (1952). 

3 A. Bohr and B. Mottelson, Kgl. Danske Videnskab. Selskab, 
Mat.-fys. Medd. 27, No. 16 (1953). 


larger than would be given by a model of solid-body 
nuclear rotation. 

Scharff-Goldhaber and Wenesert have _ reported 
another large class of even-even nuclei found over a 
large range of nuclear mass numbers—but especially 
in the region 66<A<150—exhibiting the following 
regularities : 

(3’) The ratio of the energies of the second excited 
state (E2) to that of the first (£,) ranges between 2 
and 2.5. 

(4’) The character of the low-lying states are com- 
monly in the sequence 0+, 2+, 2+. In the range 
66<A <150, there are five nuclei known to have spin 
2 for the second excited state, four with spin 4, and one 
each with spin zero and three—all of positive parity. 

(5’) The first and second excited states decay pre- 
dominantly by £2 radiation. The £2 transition matrix 
elements are enhanced over the single-particle matrix 
elements, although perhaps not so much as for the 
rotational states. 

(6’) When the sequence 0+, 2+, 2+ appears, the 
E2 crossover transition (second excited to ground 
state) occurs with much smaller probability than the 
upper transition (second excited to first excited state). 
The crossover transition (2+ — 0+) proceeds by E2 
radiation while the upper transition (2+ — 2+) pro- 
ceeds by £2 with a small admixture of M1. The ratios of 
the reduced £2 matrix elements (crossover: upper 
transition) are a few percent or less with no exceptions 
reported (Goldhaber-Kraushaar selection rule). 

The enhanced quadrupole transitions suggest some 
form of collective motion. For this reason, in Fig. 1 we 
have plotted the ratio Z:/E; as a function of E/hw, 
where w is the characteristic phonon frequency of a 
statically undeformed nucleus. The values of w(A), 
which are taken from Bohr and Mottelson’ (Eqs. II. 6a 
and II. 6b, with \=2; see also their Fig. 2), are based 
on estimates of surface and Coulomb energies and em- 
ploy the hydrodynamic assumption of irrotational flow. 
While the numerical estimates of w are not very sig- 
nificant (e.g., the function w(A) is expected to have 


‘G. Scharff-Goldhaber and J. Weneser, Phys. Rev. 98, 212 
(1955); See also M. Nagasaki and T. Tamura, Progr. Theoret. 
Phys. 12, 248 (1954). 
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shell structure fluctuations superimposed), using E,/hw 
rather than £; for the plot does have the advantage of 
removing much of the A dependence in £; in such a 
way that there is more pronounced grouping of the 
points. The points include nuclei with A >46; odd- 
parity states (if known to be so) have been excluded 
from consideration—this involves only a few examples— 
and in some cases higher excitations are included (e.g., 
doublets). 

For small values of E,/fw we find a clustering of 
rotational spectra with E,/E,~34. The break between 
the Bohr-Mottelson rotational spectra and the spectra 
of Scharff-Goldhaber and Weneser is marked, with the 
majority of the latter occurring for 0.2 <E;/hw<0.5. 

Although the scatter of points is considerable, it is 
worthwhile noting that isotopic sequences such as Xe 
and Te show that (i) Z,/Aw decreases in moving away 
from a closed shell, and (ii) E2/E; is a generally de- 
creasing function of E,/fw. Ba'* and Ce, each with 
82 (magic) neutrons, exhibit very similar spectra and 
differ significantly from the general trends. 

Scharff-Goldhaber and Weneser have described the 
nuclei satisfying (3’) to (6’) in terms of the coupling of 
individual nucleons (as an example they used four f7/2 
particles) to a core with free phonon (surface) vibra- 
tions. Whereas for the free core E;=fw and E;/E,=2, 
they showed that £; decreases and the ratio increases as 
a function of the coupling. Their results are in quali- 
tative agreement with the experimental data. The 
range of validity of such a perturbation calculation may 
be expected, however, to be rather small. 

Another approach is given in terms of collective 
surface oscillations where the individual nucleons are 
treated in first approximation as only contributing to 
an effective potential energy through their coupling to 
the surface (strong-coupling approximation). Plausi- 
bility arguments for the type of potential required to 
reproduce the data (y unstable) are given in Sec. 
VI.A. Such a description more clearly displays the 
collective features of the nuclei. It cannot be hoped 
that the collective description can be complete, since 
the individual particles may be expected to play an 
important role besides contributing to the surface 
potential. While the calculations of Scharff-Goldhaber 
and Weneser represent an approach from “weak coup- 
ling,” the present investigation represents the limit of 
“strong coupling” or ‘“‘adiabatic”’ approximation. 

It is hoped that the investigation may also help to 
round out the picture of various types of surfon 
oscillations. 


II. THE COLLECTIVE MODEL 


We begin by reviewing the analysis of surface oscilla- 
tions given by Bohr.’ The nuclear surface is described, 
for our purposes, by a second-order deformation such 


IN EVEN-EVEN NUCLEI 


that 


2 
R=Ro{1+ > ay 2,(0,)}, 
p=—2 
where, for reality, 
a,= (—)*a_,*. (2) 


It is convenient to transform to a coordinate system 
which is “fixed” in the oscillating body. The coordinates 
in the body-fixed system are then related to the space- 
fixed system by the transformation 


a,=> .a,D,»(0;), (3) 


where the D,,(0;) are the transformation functions for 
the spherical harmonics of order 2, and 6; represents 
the triad of Eulerian angles 6, ¢, y describing the rela- 
tive orientation of the axes. The body-fixed coordinate 
system may be conveniently chosen so that its axes 
coincide with the principal axes of the ellipsoid, in 
which case 

(4) 


a,=a_,=0, d2=da_2. 


Thus the five variables a, are replaced by the three 
Eulerian angles 6; and the two real “internal” coordi- 
nates do and d». 
Again for convenience we may replace do and a2 by 

6 and y, defined by 

ao=B8 cosy, 

d2= 4_2= (B/V2) siny. (5) 
The expression for the kinetic energy is given by 
[ Bohr,? Eqs. (48), (50), and (27) | 


wig O29 f Fis a 
— —f—}-— — sin3y— 


2B\B40B OB B* sin3y dy oy 


2 


1 


~ sin?(y— 3a)! 
where the Q, are angular momentum operators in the 
variables 6;. 

In the hydrodynamic assumption of irrotational flow, 
B is a constant given by [ Bohr, Eq. (4) ] 
(7) 
Generally, a detailed knowledge of nucleonic wave 
functions is needed to determine B. Inglis’ has shown 
that for any deformation parameter a which enters 


into the classical expression for the kinetic energy as 
4B.|a|*, the mass parameter B, is given by 


| (0|/da| i) |? 


3. WS, 
i E;— Eo 


B=4poR>)' (irrotational flow). 


(8) 


the prime indicating that the summation is taken over 
excited (particle) states of the nucleus. Assuming com- 


5D. Inglis, Phys. Rev. 97, 701 (1955). 
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Fic. 1. Experimental values of the ratio Ez: £, as a function of Ei/hw. The value of w is the hydrodynamic 
estimate (A=2) given by Bohr and Mottelson* (Eqs. II.6a and II.6b; see also their Fig. 2). Negative-parity 
states have been omitted from consideration—this involves only a few examples. In some cases higher excita- 
tions are included, whence the various points are connected by a line. 

The sources of data are given below. In order are given: the nuclide; £,/hw; E2/E1; spin and parity of the 
second excited state; reference. If an asterisk occurs before the nuclide, the level scheme assumed is different 
from that given in the reference. 


*Ti* 0.23 2.26 4+ G. L. Keister and F. H. Schmidt, Phys. Rev. 93, 140 (1954). 

Ti* 0.27 =2.33 44+ Jastram, Hurley, and Whittle (private communication). 
*Cr® 0.15 T. Wiedling, Phys. Rev. 91, 767 (1953). 

Fe** 0.25 4+ Hurley, Rudman, and Jastram, Phys. Rev. 98, 1187(A) (1955). 
Ni® 0.40 R. H. Nussbaum ¢ al., Phys. Rev. 93, 255 (1954). 

Zn* 0.35 2+ L. G. Mann ef al., Phys. Rev. 92, 1481 (1953). 

Ge? 0.29 Brun, Meyerhof, and Kraushaar, Phys. Rev. 100, 1795(A) (1955). 
Se7® 0.21 2+ Kurbatov, Murray, and Sakai, Phys. Rev. 98, 674 (1955). 

Kr® 0.29 R. C. Waddell, private communication. 

Kr™ 0.36 J. Welker and M. Perlman, Phys. Rev. 100, 74 (1955). 

Zr® 0.19 W. A. Cassatt, Jr., and W. W. Meinke, Phys. Rev. 99, 760 (1955). 
Mo“ 0.36 H. Medicus et al., Helv. Phys. Acta 22, 603 (1949). 

Mo* 0.32 M. Goldhaber and R. D. Hill, Revs. Modern Phys. 24, 179 (1952). 
Ru™ 0.23 L. Marquez, Phys. Rev. 92, 151 (1953). 

Pd™ 0.26 Bunker, Mize, and Starner, Phys. Rev. 99, 659(A) (1955). 

Pd 0.24 Lu, Kelly, and Wiedenbeck, Phys. Rev. 97, 139 (1955). 

Pd" 0.20 M. L. Perlman ef al., Phys. Rev. 92, 1236 (1953). 
*Ca =0..31 F. I. Boley, Phys. Rev. 94, 1078 (1954). 

Cd = 0.26 M. W. Johns ef al., Can. J. Phys. 32, 35 (1954). 

Sn6 M. Goldhaber and R. D. Hill, Revs. Modern Phys. 24, 179 (1952). 
*Sn'™ G. L. McGinnis, Phys. Rev. 98, 1172(A) (1955). 

Te!® B. Farrelly et al., Phys. Rev. 99, 1440 (1955). 

Te™ Lu, Kelly, and Wiedenbeck, Phys. Rev 95, 1533 (1954) 

Te! M. Perlman and J. Welker, Phys. Rev. 95, 133 (1954). 

Xe M. Perlman and J. Welker, Phys. Rev. 95, 133 (1954). 

Xel#* J. M. Hollander and M. I. Kalkstein, Phys. Rev. 98, 260 (1955). 
Xe” R. S. Caird et al., Phys. Rev. 94, 412 (1954). 

Xe!® H. L. Finston and W. Bernstein, Phys. Rev. 96, 71 (1954). 

Xe™ M. McKeown and S. Katcoff, Phys. Rev. 94, 965 (1954). 
M. McKeown and S. Katcoff, Phys. Rev. 94, 965 (1954). 
Keister, Lee, and Schmidt, Phys. Rev. 97, 451 (1955). 
Duffield, Bunker, Mize, and Starner, Phys. Rev. 100, 1236(A) (1955). 
G. R. Bishop and J. A "Perez y orba, Phys. Rev. 98, 89 (1955). 
W. Bernstein ef al., Phys. Rev. 93, 1073 (1954). 
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pletely independent particles, Eq. (8) leads to a solid- 
body moment of inertia for rotational states, but Bohr 
and Mottelson® have shown that the inclusion of re- 
sidual interparticle (pairing) forces leads to a lower 
moment of inertia. 

If the potential energy is only a function of the 
internal coordinates 8 and y, the angular momentum of 
the nucleus will be a constant of the motion, i.e., 7 and 
M will be good quantum numbers. If, furthermore, the 
potential depends only on 6, the Hamiltonian is separ- 
able. For if in 


we set 


V(8,7,0;) = f(8)®(7,9:), (10) 


we have the equations 
we F OFA) 

EL 6*f(8) |= | —(-—+— ———)+ V (B) 
2B\ 0s? B 


x(6?/(8)] (11) 


and 
A®(¥,0;) 
| ee ri) 7 


ie ging —49 F —_—_—_—_ Foy) 


sin3y dy Oy « sin?(y— 32k 


= L(y). (12) 


The separation parameter, 
A=d(A+3), 


A=0, 1, 2,3, «++, (13) 


is degenerate with respect to the angular momentum 
for the first few states as follows: 


nN A 
0 0 
(14) 


1 4 
2 10 2,4 | 


3 18 0, 3, 4, 6 


6A. Bohr and B. Mottelson, Kgl. Danske Videnskab. Selskab, 
Mat.-fys. Medd. 30, No. 1 (1955). 
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There are five quantum numbers in all: J, M, \, mg, and 
ny. ® can be written 


I 
Dy w"y= DY gx(dA,ny; ¥) Dem’ (6), (15) 


K=-I 
where gx=g_x. 
The usual phonon spectrum is obtained when 


(16) 


In the a, representation, it is immediately obvious 
that the energy levels are those of a five-dimensional 
harmonic oscillator, 


E=(N+5/2)hw 


N= > n,=2ngtA, ng=0, 1, 2, --- (17) 


u=—2 


where w= (C/B)!. The spin assignment of the first few 
states is then given by 


I 
0 
slaving» 
0, 2,4 | 
0, 2, 3, 4, 6 


(18) 


The rotational spectrum is obtained when the po- 
tential stabilizes y (as well as 8) about some equi- 
librium value: y=0,+42, for prolate nuclei and 
= -}r, x for oblate nuclei; that is, when the potential 
assumes the form 


V (B,y) = $ki(B—Bo)?+ $ko(y—Yo)’, 


where the zero-point vibrations are small compared 
with the equilibrium values of both 8 and y. The wave 
function for the lowest state then reduces to just one 
term, 


(19) 


P= go(y) Dom! ~ golly) Yim (vy stable). (20) 


III y-UNSTABLE SPECTRUM 


The oscillator potential V = }C(" arises from general 
considerations of surface tension and Coulomb energy 
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Fic. 2. Surface energies as a function of the potential mini- 
mum 9. The states are designated by (A,mg)J. At xo=0, the 
spectrum is given by E/hw=2ng+-\ and for xo>1 by E/hw=ng 
+AQA4+3)/ (2x0). 


(and small oscillations). The success of the individual- 
particle model indicates that effects of the nucleons, 
through their interaction with the surface, must also be 
considered. In the case of even-even nuclei, the nu- 
cleons may be regarded, in first approximation, as 
giving rise only to an effective surface potential (strong- 
coupling approximation) although particle structure 
may also play a role in determining the mass parameter 
B, as discussed above. 

The form of the potential is a matter we will have 
more to say about later, but let us first consider a 
potential of the form V (8); that is, there is no y de- 
pendence in the potential, but it is otherwise arbitrary. 
Such an idealized system is referred to as y unstable. 
The Hamiltonian is separable, as described by (9)—(15). 


A. Transition Probabilities 
The transition probability for £2 radiation is given by 


4r fw\® 
“(<) B(2), 
75"2\C 


B(2)= » | (| 910(2,u) | f)|?, 


T(2)= (21) 


(22) 


3 
WM (2,u) =—ZeRPa,* (23) 
dr 


a,*=B{ Dyo* cosy 


+(1/v2)(Dys*+D,-2*) siny}. (24) 
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The quantity in curly brackets is (up to a normaliza- 
tion constant) just the eigenfunction ®(y,6;) for the 
state \=1, /=2. By orthogonality of the ’s, the only 
state connected to the ground state by E2 matrix 
elements is the \=1, J=2 state itself. In particular, we 
have the selection rule 


(6’) The crossover transition is forbidden 


as a result of y instability. 
For the transition A=1,/=2—A=0,7=0, we 
obtain 


) 


1| 3 5 
B(2)=-|—ZeRe*Xil|B|\0)| , (25) 
5|4ar 


which is identical with the expression for rotational 
states (Bohr and Mottelson, Eqs. V.7 and VIII.17). 

M1 transitions are forbidden for purely collective 
transitions of second order in even-even nuclei because 
of the high degree of symmetry present. Although mag- 
netic dipole moments may be generated by the collective 
motion, such are classically stationary and cannot 
radiate. (In the case of odd-A rotational nuclei, the 
dipole moment resulting from the collective motion 
precesses about the total angular momentum I= R+Q 
and so can give rise to magnetic dipole radiation.) 


B. Examples of y-Unstable Potentials 
(1) Anharmonic Oscillator 


The addition of anharmonic terms to the 8 potential 
is clearly capable of altering the ratio £/E, in either 
sense from two. Since experiment indicates a larger 
value, the anharmonic terms should lead to an increase 
in the force constant with increasing 8. A limiting ex- 
ample of such a potential is the infinite square well: 


const, B<b 


V (8)= (26) 


©. BS). 


The eigenenergies of Eq. (11) are then given by the 
roots Xn,1 of the Bessel functions J;(x) : 


h? 
Eng n= aa tas +0) (27) 


Thus we obtain 


E,/E,=2.20 (28) 


for the largest ratio obtainable from anharmonic terms. 

Although this ratio is of the right order to describe 
the effects, it represents the extreme case, not realizable 
in nature. A larger value of the ratio can be obtained 
from a potential with a minimum for some finite value 


of B (see Sec. VI.A). 
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(2) Displaced Harmonic Oscillator 
Consider a potential given by 
V (8)=3C (B—Bo)?. (29) 
Equation (10) may then be more conveniently written 


1 a (A+1)(A+2) 
eg=-{— - 
2\ ox x 


(x—a»)?}y, (30) 


where 
«= (Bw/hB)', w=(B/C)', e=E/hw, o(x)=2'f(8). 


An approximate solution of (30) is readily obtained by 
expanding the “effective” potential v(x) about the 
minimum 2’: 
1) (A+1)(A+2) w”? 
\= —_———+ (x— x9)? } = 0(«’)+—(a«—2’)? 
x 2 
+O((x—x’)’). (31) 


If we neglect terms of the order (x—x’)’, the energy 
spectrum is given by 


e= (ngt+4)w’+0(x’), 
and the eigenfunctions by 


(x) =hng((a—2')/w’) expl—3(x—«')’w’]. (33) 


(mg=0,1,2,---) (32) 
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Fic. 3. Solid curves (y unstable): energies relative to E, of 
the state \=0, mg=1, /=0 and the degenerate pair of states \=2, 
ng=0, [=2 pe 4, as a function of «.=E,/Aw. Broken curve 
(y rigid): the ratio E:/E, as a function of ¢=£i/hw. The 
second excited state is of spin 2, while the states of spin 0 and 2, 
illustrated for the y-unstable spectrum, lie infinitely high in the 
limit of y rigidity. The w for the two types of spectra are not 
defined in precisely the same manner. 
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Fic. 4. A plot of $«’e, as a function of ¢. The value does 
not deviate very much from unity. 


The approximation is worst for the case x»=0, where 
we obtain 

€= 2ng+[(A+1)(A+2) ]!+1, mg, A\=0,1,2,--- 
compared with the exact solution 


€=2ng+rA+5/2, mg, A=0,1,2, °°. 


(34a) 


(34b) 


The error in the energies is always less than 4%- 
which is sufficient for our purposes—and decreases 
rapidly with increasing xo. 

Figure 2 shows the dependence of the energy levels 
on Xo, while in Fig. 3 (solid curves) is plotted E/E, for 
the state \=0, ng=1, J=0 and for the degenerate pair 
\=2, ng=0, J=2, 4 as a function €:= E;/hw. The ratio 
for the degenerate pair /=2,4 varies from 2 for e,=1 
to 2.5 for e«,=0 in qualitative agreement with the data. 
The state with J=0 is generally higher. For a large x’ 
(or xo), the energy of the first excited state ¢:= E)/hw 
approaches the value 2/x”. Figure 4 is a plot of $x”; as 
a function of ¢;. These energy levels may be compared 
with the calculations of Scharff-Goldhaber and Weneser, 
who obtain the spectrum 0+, 2+, and then a close 
triplet 44+, 2+,0+. While their results are similar to 
ours for small equilibrium deformations (£,/hw near 
unity), we find the excited 0+ lies considerably higher 
than the 4+, 2+ pair for £,/hw<0.5. 

For computation of radiation transitions (25) be- 
tween states for which 6’ does not change appreciably, 
we may take 


(il|B||/)~B/~B,'. 
IV DEVIATIONS FROM y INSTABILITY 


(35) 


In order to discuss deviations from y instability, we 
will introduce a y-dependent potential. For the Hamil- 
tonian to be separable, this would imply a potential of 
the form V~v(y)/6*. Physically, we expect this to be 
unrealistic, since y stability should increase rather than 
decrease with 6, but if 6 is relatively stable, we can 
treat 6? as a constant and “approximately” separate 
the Hamiltonian. Thus the equation for determining A 
becomes 


{L+0(y)}®=A, (36) 
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The points y and y+ 4 correspond to the same shape 
of nucleus, but oriented differently. Thus if we wish a 
potential which depends only on the nuclear shape, we 
must choose a periodic function of 3y. 

A potential which tends to stabilize y about 0 or 
(axial symmetry) removes the degeneracy in the \=2 
states so that the /=2 state appears higher than the 
[=4 state. 

The limit of strong y stability can be most easily 
visualized by considering a droplet which can only 
execute axially symmetric vibrations. Such a system 
has only three degrees of freedom: 8 (which can take 
on negative values), 6, and ¢. The expression for the 
energy can be written 


h? e 
suinn| (2 
2B\ ae? 
with the eigenfunctions 


V=6"'u(8)V 7, w(6,¢), 


The ratio E,/E, as a function of E,/hw is shown in 
Fig..3 (broken curve) for a potential of the form 
$C (B—Bo)’. 

The spectra arising from potentials deviating only 
slightly from both 6 and y stability (see Eq. (19)) have 
been discussed by Bohr and Mottelson. The behavior 
is similar for both types of instability and is of the 
type shown in the left-hand part of the broken curve in 
Fig. 3. The energy is given by 


1(I+1) 
——)+V@)|w@), (37) 
3p? 


(dr =" sinddBdéd¢). 


h? 1747 3 1 
p=—11+1)~-(—) (—+ ~ JU), (38) 
29 hwg 


2\g hwy 


PA 


where 9=3B8", ws=(ki/B)!, w,=(k2/Be?B)', and k 
and k» are defined in Eq. (19). The first term on the 


OBLATE 


Fic. 5. Schematic energy contours for a nucleus intermediate 
between closed shells, after Hill and Wheeler (reference 8, Fig. 
28). Their a and y correspond to our 6 and y. 
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right-hand side of (38) gives the usual rotational spec- 
trum, while the second term is referred to as the rota- 
tion-vibration correction. 

The examination of small and intermediate devia- 
tions from ¥ instability is a more difficult problem. A 
perturbation or Tamm-Dancoff calculation has only a 
very limited range of convergence. Yet insight can be 
gained by considering first-order effects. 

We begin with a representation in which the basis 
vectors are eigenfunctions of (12), designated by 


I 
|An,IM)= ¥ grx(d,ny; y) Dx! (6). (39) 
Ko! 


We introduce an expansion parameter k for the poten- 
tial so that 
v(y) =ko'(y). 


In first-order perturbation theory, the perturbed wave 
functions are given by 


(40) 


Med) 


|i,k)= |t)+k DO’— (41) 


Aj—Aj 


where i (or j) represents the quartet of quantum 
numbers in (39). 

It is of particular interest to examine the selection 
rules for E2 radiation. In the unperturbed system, we 
have the selection rule that the crossover transition is 
forbidden : 


(0000 |a*,,|202M)=0. (42) 


For the perturbed functions, we have 

{0000,k | a*,,| 202M ,k) 
=k{(0000|a*,102M)({102M | v’(y)|202M)/6 
+-(3000| a*,,| 202M )(0000 | »” (-y) | 3000)/18} 


(43) 


6 


4/3 
= —vef v' (y) cos3y| sin3y | dy5,a, 
; —7/3 


which does not generally vanish in the first-order per- 
turbation [since v’(y) should be an even function]. 
Thus the selection rule forbidding the crossover 
transition fails. 

If the strong-coupling collective model description 
has any validity for the nuclei of Scharff-Goldhaber 
and Weneser, it would appear that the nuclei are highly 
“+ unstable.” 

Small deviations from y instability will remove the 
degeneracy in the states with the same n, and X. In 
particular, the pair A\=2,ms=0 (J=2 and 4) will 
emerge as a doublet although, as noted above, the 
state with spin 4 will appear lower than the state with 
spin two, contrary to the frequency of spin 2 in the 
nuclei of Scharff-Goldhaber and Weneser. 

The selection rule forbidding M1 radiation is not 
affected by deviations from y instability; the rule 
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remains even in the limit of the y-stable rotational 
spectrum. 

V. ODD NUCLEI 


The treatment of an odd nucleon coupled to a y- 
unstable core can be handled in a straightforward 
manner by techniques indicated by Bohr and Mottelson 
for weak coupling. The concept of a strong coupling 
for odd nuclei is not so easily generalizable to y- 
unstable nuclei for the following reasons: 

In the case of rotational nuclei, the field experienced 
by an individual nucleon approximately preserves its 
shape as a function of time, but rotates in space with a 
period long compared with the nucleonic period. The 
wave function of the nucleon can be solved for in the 
(momentarily) fixed field of the nucleus. Because of 
axial symmetry, the projection of the angular mo- 
mentum along the symmetry axes, ®, is a constant of 
the motion and may be added to angular momentum of 
the rest of the nucleus by the rules of the vector 
addition. 

In the case of y-unstable nuclei, however, the shape 
of the field changes with time and there remains no 
symmetry axis. There are no simple constants of the 
motion. 

Certain qualitative features may be understood 
without solving particular problems. 

(1) An odd nucleon might be expected to tend to 
stabilize the core about axial symmetry. 

(2) The magnitudes of spectroscopic quadrupole 
moments may be expected to be considerably smaller 
than those entering into such considerations as quadru- 
pole radiation, Coulomb excitation, or atomic isotope 
shifts. The spectroscopic quadrupole moments depend 
on the sign of the deformation. For y-unstable cores, 
the sign is not constant and the expectation value of Q 
would vanish. There are insufficient data at present to 
compare quadrupole moments measured spectroscopi- 
cally and those determined by Coulomb excitation. A 
possible example is Sm™*, which has a very small 
spectroscopic quadrupole moment. On the basis of 
atomic isotope-shift considerations, however, the neigh- 
boring even isotopes would be expected to have re- 
spectably large deformations. A consistent interpretation 
could be that Sm"* also has a deformed core which is 
y unstable. It would be interesting to see if Coulomb 
excitations also yield a large deformation. 


VI. DISCUSSION 
A. Deformation Potentials 


The sum of individual particle energies’ as a function 
of the deformation parameters, in the strong-coupling 
approximation, represents the potential energy of de- 
formation. A qualitative description of the potential 
energy surface as function of 6 and ¥ has been given by 


7 Care must be taken in such a sum not to count potential 
energy twice—if the primary forces are assumed to be two-body. 
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Fic. 6. Energy contours for an ellipsoidal anisotropic harmonic 
oscillator, midway between neutron and proton shells, after 
Gursky (reference 9). The numerical values of the energy contours 
are given in units of fw, where w is the oscillator frequency for 
zero deformation. Gursky’s a and 7 have approximately the same 
significance as our (5/47)* 8 and y. The figure has reflectional 
symmetry about the axes y=0, 60°, 120°, etc. Cusps which occur 
at these symmetry lines and at 8=0 are expected to disappear 
when direct interparticle interactions and other perturbations are 
considered. 


Hill and Wheeler,* who first pointed out that the 
easiest path between oblate and prolate deformations 
is not through spherical symmetry, but through non- 
symmetric deformations—hence the possibility of y 
oscillations. This is illustrated in Fig. 5, which is taken 
from their paper. The figure schematizes the potential 
energy surface (for one type of particle) just over 
halfway between closed shells. Although axial sym- 
metry is favored—and in this case, the prolate shape- 
there is a “valley” following the locus of points B= 8p, 
where {> is the “equilibrium” deformation. The valley 
has local minima in it, corresponding to preferred 
shapes, but the depths of the minima may be small 
compared with the peak at zero deformation. The 
y-unstable approximation is to ignore the bumps in 
the valley. 

Gursky® has examined the potential surface quanti- 
tatively for an anisotropic harmonic oscillator (Fig. 6), 
and between closed shells finds results similar to those 
predicted by Hill and Wheeler, except that the local 
minima in the valley are usually found for nonaxial 
shapes. The potential at 8=0 does have a cusp (as we 
have assumed for simplicity) except when the mini- 
mum of the energy lies there. Bohr and Mottelson 
(private communication) suggest that more detailed 
calculations including direct interparticle interactions 
would necessarily lead to a flat potential at B=0. As 


8 PD. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953). 
9M. Gursky (private communication). Further details will be 
published in a forthcoming paper. 
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expected, Gursky finds that the spherical shape is pre- 
ferred for closed shells, and that the positions of the 
minima increase in 8 as one moves away from closed 
shells. 

In the case of axial shapes (y=0 or 7), detailed 
calculations of the single-particle energy levels and the 
deformation potential have been carried out by several 
authors," including effects of spin orbit coupling. These 
calculations have proved extremely valuable in the 
regions of well developed rotational spectra, and similar 
calculations, as a function of both 8 and y, would prove 
valuable in the region where the surfon-type spectrum 
is observed. 


B. Validity of Strong Coupling 


In order that the “strong coupling” or “adiabatic” 
approximation be valid, at least two conditions must be 
satisfied. The first and more obvious of these is that the 
nuclear potential change sufficiently slowly with time 
so that an individual particle can continuously “re- 
adjust” its wave function to the new potential without 
changing “state” (in the absence of crossing of levels). 
This condition will be satisfied if the energy of the 
collective modes is small compared with the energy level 
spacings of the single particle excitations. If this cri- 
terion is satisfied, the nucleons are obliged to follow 
the deformations. This criterion is well satisfied for the 
nuclei which exhibit well developed rotational spectra, 
where the rotational energies are of the order of 100 kev. 

The surfon energies involved in the spectra of Scharff- 
Goldhaber and Weneser are higher than the rotational 
energies and may be an Mev or more. The particle 
energy level spacings are comparable. This means that 
one cannot expect a well-developed surfon spectrum 
with many members. Nevertheless, the appearance of 
first and second excited states is not unreasonable. 

The other condition which must be satisfied is that 
when crossing of levels occurs, a nucleon must remain 
in the lowest level. Individual particle levels can only 
cross if there are special symmetries present. As Hill 
and Wheeler have pointed out," irregularities in the 
nuclear surface and, indeed, deviations from the single- 


S. G. Nilsson, Kgl. Danske Videnskab. Selskab, Mat.-fys. 
Medd. 29, No. 16 (1955); K. Gottfried, thesis, Massachusetts 
Institute of Technology, June, 1955 (unpublished); S. A. Mosz- 
kowski, Phys. Rev. 99, 803 (1955). 

"2—. L. Hill and J. A. Wheeler (to be published). 
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particle model prevent actual crossing of levels. Never- 
theless, at the point where levels would cross in the 
absence of perturbations, a jump can occur unless the 
perturbation energy (which is approximately the 
separation of the levels) is large compared with the 
energy of the collective modes. The perturbation energy 
is not easy to evaluate, but may be of the order of an 
Mev. It is possible that level crossings may play a role 
in particular spectra. 


C. Mass Parameter 


The evaluation of the mass parameter B requires 
[see Eq. (8)] a detailed knowledge of nucleonic con- 
figurations. The experience with rotational spectra® 
leads to expect that the hydrodynamic approximation 
of irrotational flow (7) is not sufficient for the surfon 
oscillations either. Estimates of the mass parameter for 
surfon oscillations have been made by Moszkowski'® 
and indicate a value not greatly different from that 
calculated (and observed) for rotational nuclei.® 


VII. CONCLUSIONS 


Surfon oscillations in a deformation potential inde- 
pendent of the shape parameter have been studied and 
found to exhibit certain regularities of the kind observed 
in the nuclei of the type considered by Scharff-Gold- 
haber and Weneser. The condition of y instability 
alone leads to the selection rule forbidding the 2+ — 
0+ crossover transition, while it appears necessary to 
assume a nonzero equilibrium deformation in order to 
account for the observed ratios E2: FE). 
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The absorption cross sections of U* and Pu*® have been measured at six energies in the 5- to 50-kev 
energy range. Neutrons from the reaction V*!(p,n)Cr*! were used in spherical-shell transmission measure- 
ments. The results show, in general, a decrease in absorption cross section with increasing energy up to 
about 30 kev and then a nearly constant value (up to 50 kev) of about 2.8 barns for U** and 2.2 barris for 


Pu*®, 





I. INTRODUCTION 


HE measurement of neutron absorption cross 
sections of fissionable isotopes has largely been 
confined to energies less than one kev. A knowledge of 
absorption cross section (fission plus capture) in the 
kev region has assumed both theoretical and practical 
interest in the design and development of nuclear 
reactors. 

The shell method, used in recent years in the deter- 
mination of inelastic collision cross sections'~* in the 
Mev region, is used here in the determination of absorp- 
tion cross sections in the kev region. The method has 
been discussed in detail.*~® A discussion of the problems 
peculiar to the present experiment is given in Sec. II 
and results are given in Sec. ITI. 


II. EXPERIMENTAL METHOD 


The spherical-shell transmission method, if combined 
with a uniform-response detector, offers a means of 
measuring neutron absorption in the presence of 
scattering. In the present experiment, one is faced with 
the added problem of secondary neutron production 
(fission). Thus the detector response for fission neutrons 
should be low compared to that for kev neutrons. 
Iodine was chosen as the neutron detector since it 
fulfills this condition and, further, has a relatively 
large (several barns) activation cross section in the kev 
region. Cylindrical NaI(T1) crystals, 1.5 in.X1.5 in., 
were used. 

The neutron detection sensitivity was measured as a 
function of crystal orientation, i.e., as a function of 8, 
the angle between the cylinder axis and the line from 
source to crystal center. For this test, an Sb-Be neutron 
source was used; measurements were made with each 
of six identical crystals oriented at each of three angles, 
0°, 45°, and 90°. At any one angle, the saturated 


1 Phillips, Davis, and Graves, Phys. Rev. 88, 600 (1952). 

2 Beyster, Henkel, Nobles, and Kister, Phys. Rev. 98, 1216 
(1955). 

3J. R. Beyster, Second Pittsburgh Conference on Medium 
Energy Nuclear Physics, 1953 (unpublished). 

4H. A. Bethe, Los Alamos Report LA-1428, 1952 (unpublished). 

5 Bethe, Beyster, and Carter, Los Alamos Report LA-1429 
(unpublished). 

6H. A. Bethe, Second Pittsburgh Conference on Medium 
Energy Nuclear Physics, 1953 (unpublished). 


activities of the six crystals were equal to within 
+1%. The asymmetry was found to be <1.5%. 

The iodine activation cross section’ increases with 
decreasing energy, so that inelastically scattered 
neutrons would be detected with slightly greater 
efficiency than unscattered or elastically scattered 
neutrons. Since the first excited state of Pu™*® occurs 
at 49 kev,” and since the present measurements are 
made at lower energies, there is no consideration given 
to inelastic scattering in Pu’. In the case of U™®, the 
first excited state has been reported at 13 kev,'® although 
there is some question whether the lowest level given 
is actually the ground state. It can be shown that even 
if the first excited state is at 13 kev, a pessimistic value 
of 200 millibarns assumed for inelastic scattering cross 
section above 30 kev and included in the analysis 
changes the calculated absorption cross section less 
than one percent. For this reason, no consideration is 
given in analysis of the data to inelastic scattering 
in U5, 

The geometry of the experiment combined with 
background considerations indicated that the most 
feasible laboratory angle to use in the measurements 
was 0° with respect to the proton beam. This precluded 
such neutron sources as Li’ (p,n) Be’ since center-of-mass 
motion produces neutrons in two energy groups below 
120 kev. The reaction V*'(p~,n)Cr®! was used as the 
neutron source.!! The low yield of neutrons from the 
vanadium target made necessary close spacing of 
components and large detector size. Target thickness 
corresponded to about four-kev energy loss for 1.6-Mev 
protons. 

Shells of U** and U™* of known purity and of weight 
about 5 kg were fabricated for this experiment. These 
shells were identical in size, with outside diameter 
9.0 cm, and inside diameter 6.0 cm. A 3.6-kg Pu” 
shell? was also used; the dimensions were 9.2 cm o.d. 
and 6.8 cm id. The experimental arrangement is 
shown in Fig. 1. 


7H. C. Martin and R. F. Taschek, Phys. Rev. 89, 1302 (1953). 

8G. A. Linenberger and J. A. Miskel, Los Alamos Report 
LA-467 1946 (unpublished). 
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1 Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25, 
469 (1953). 

1 Gibbons, Macklin, and Schmitt, Phys. Rev. 100, 167 (1955). 

® Kindly supplied by Los Alamos Scientific Laboratory. 
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_— SHELL OF FISSILE MATERIAL 


TARGET COOLING SPRAY7 
/ 


/ 
(CANNED) 


Js 1% x 4% ~in, Nal (TI) | 


/ 
\ 
\ 

\ 

‘ 


In a typical experiment, a canned NalI(TI) crystal 
was set in position at a standard distance (2.77+0.005 
in. center-to-center) from the neutron source and in 
line with the proton beam. The surrounding shell was 
put in place and the proton beam turned on for 35.0 
minutes. Cumulative counts from the BF; neutron 
monitor were recorded at 5-minute intervals to provide 
a basis for correcting the induced iodine activity for 
time variation of the neutron flux. 

Proton current to the target was monitored by a 
current integrator, using appropriate collimation slit 
biasing for secondary electron collection. The neutron 
yield, an extremely sensitive function of proton energy," 
was monitored with a set of three BF; counters in a 
paraffin matrix, shielded with cadmium. The monitor 
counting rate with proton beam stop in, was less than 
one percent of the rate with beam on target. 

After activation the crystal was removed to a 
low-background counting room and mounted on an 
RCA 5819 photomultiplier tube. The gain was standard- 
ized with Cs'*’ 661-kev gamma radiation and the 
iodine beta activity (T,=25 min) counted for a time 
comparable with the activation period. The amount of 
15-hr Na™ activity induced was negligible. Decay 
periods of four hours or more between activations of 
the same crystal reduced the residual iodine activity to 
negligible proportions. Background counts amounted to 
three to six percent of the total counts. 

Neutron scattering by the U* shell contributed 
from 24% (at 4.4 kev) to 15% (at 49 kev) of the 
monitor count as determined by shell removal tests. 
For this reason, transmissions of the U™* and Pu”? 
shells were measured relative to that of the U™* shell, 


SCHMITT, AND GIBBONS 


BF, NEUTRON MONITOR 
(4 in. FROM TARGET) 


Fic. 1. Experi- 
mental arrangement. 
Average proton cur- 
rent was about 35 ya. 
NaI (TI) was used as 
an activation de- 
tector. 


largely canceling this effect. A test was made at 4.4 
kev to determine the monitor counting rate from fission 
neutrons produced by V(,m) neutron absorption in the 
shells. Monitor rates per proton were measured with 
U* and U™ shells of identical size alternately in place. 
The ratios of these rates were found to be 1.00+0.01. 
This result is attributed to a cancellation of two small 
effects, fission neutron counting rate and a difference 
in back-scattering of V(p,n) neutrons arising from the 
larger scattering cross section of U™* relative to that 
of U™*, 

Normalization to either proton current integrator 
or BF; monitor gave the same value for U™®* shell 
transmission relative to U™*, but differed by about 2% 
for the Pu*® shell relative to U™*. This was attributed 
to differences in shell thickness and total cross section. 
A crude calculation of the difference in scattering 
by the U™*® and Pu*® shells predicted a 5% effect, 
independent of energy, to be compared with the 
measured 2%. The BF; monitor rates for Pu 
have therefore been decreased by 3% at each energy 
to allow for the relative scattering effect in com- 
puting the Pu” shell transmission relative to that 
of the U** shell. An additional uncertainty of 1.5 
percent has been included in the plutonium results 
because of the uncertainty of this correction. 

Activation by neutrons produced at locations other 
than the vanadium target was <0.7% of direct-beam 
activations. A single exception to this was the result of 
neutrons from spontaneuus fission of a small amount of 
Pu in the plutonium shell. A shadow cone test 
indicated that crystal activation from V(p,”) neutrons 
scattered by floor, walls, and air was about 1.30.7 





NEUTRON 


_ Taste I. Experimental results. Transmission of each of the 
fissionable shells relative to the transmission of the U™* shell 
(with all corrections applied). 











En(kev) T (U®5)/T (U%8) T (Pu®*)/T (U8) 





ABSORPTION CROSS 


4.4+0.4 
11.8+0.5 
33.1+0.4 
39.6+0.5 
44.0+0.5 
48.4+0.5 


0.641+0.015 
0.700+0.015 
0.802+0.015 
0.786+0.015 
0.806+0.015 
0.793+0.015 


0.865+0.025 
0.892+0.025 
0.958+0.025 
0.930+0.025 
0.921+0.025 
0.915+0.025 





percent of the direct-beam activation. Activation by 
neutrons scattered into the Nal detector by the paraffin- 
and cadmium-covered BF; monitor was shown to be 
1.0% of direct-beam activation. 

The transmission of each of the fissionable shells 
relative to the transmission of the U*** shell is given in 
Table I. All corrections have been applied and the 
total uncertainty given. 


III. CALCULATIONS AND RESULTS 


The analysis of the data was carried out using a 
procedure similar to that developed by Bethe, Beyster, 
and Carter.® The ideal transmission 7., of the shell‘ can 
be calculated in terms of the absorption and total cross 
sections (when there is no inelastic scattering), and 
corrections can be applied for multiple scattering, finite 
source-to-detector distance, finite detector size, and 
detector sensitivity to fission neutrons. There are many 
other effects which can distort the results; the most 
important of these in the present measurements have 
been considered and shown to be small, i.e., to con- 
tribute less than 0.005 in transmission. Some of these 
effects are: energy loss of neutrons in elastic scattering 
in the shell and detector, neutron attenuation in the 
crystal inside the shell, variation of neutron intensity 
with angle, and variation of neutron energy with angle. 

The observed transmission 7,5 of a shell refers to a 
shell-on: shell-off measurement. This quantity can be 
calculated (Tvaic) from the ideal transmission 7, and 
expressions for the corrections given above. In the 
analysis, Tcaic is expressed in terms of the total and 
absorption cross sections, o; and 4. Since the experi- 
mentally measured quantities are values of Tobs/ 
Tobs(U™*), a computation of T.1-(U%*) was made using 


Pu2s 


SECTIONS OF U#35, 











ABSORPTION CROSS SECTION (barns) 





25 30 35 40 
NEUTRON ENERGY (kev) 


Fic. 2. Absorption cross sections of U5 and Pu*® vs energy. 


the known total'* and absorption® cross sections of 
U*8, The uncertainty introduced in these results by 
uncertainties in the U** total and absorption cross sec- 
tions is negligible. 

A knowledge of the total cross sections of the fissile 
materials is important in determining the absorption 
cross sections by this method. The approximate 5% 
uncertainty in total cross section contributes about 
the same uncertainty in absorption cross section 
as the experimental uncertainty in 7... Another 
uncertainty arises from the not-well-known iodine 
capture cross section’ at the incident neutron energies 
relative to that for fission neutron energies. The values 
of o, and ay used in this analysis were obtained by 
Phillips e¢ al.,1 Hibdon and Langsdorf,'* Yeater ef al.," 
and Barschall and Henkel.'® 

The calculation of results, together with evaluation 
of the corrections and uncertainties, has been given 
more fully elsewhere.'* The absorption cross sections of 
U*> and Pu as functions of energy are shown in Fig. 2. 

The authors are grateful for many helpful discussions 
with J. R. Beyster and R. E. Carter concerning the 
analysis of these data. 


1% C. T. Hibdon and A. Langsdorf, Argonne National Labora 
tory Report ANL-5175, 1953 (unpublished). 

1 Yeater, Kelley, and Gaerttner, Knolls Atomic Power Labora- 
tory Report KAPL-1109, 1954 (unpublished). 
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H. H. Barschall and R. L. 
LA-1714, 1954 (unpublished). 
16 Macklin, Schmitt, and Gibbons, Oak Ridge National Labora- 
tory Report ORNL-2022, 1956 (unpublished). 
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Gamma-ray coincidence studies of the decay of ionium yield the total conversion coefficient of the 68-kev 
gamma ray as a=46+5, and a value of f/=0.52+0.05 for the fluorescent yield from the L shell of Ra®*. 
The mean lifetime of the 68-kev state of Ra®* was found to be 71;. <10~ second. 





INTRODUCTION 


EASUREMENTS of the energies and intensities 

of the gamma rays following the decay of ionium 
have been made by Curie’ using selective absorbers, 
and by Rasetti and Booth,? Bouissieres ef al.,? and 
Stephens ef al.,4 using scintillation spectrometers. 
Rasetti and Booth? performed coincidence experiments 
which showed that the 142-kev gamma ray is emitted 
in a transition from the 210-kev state to the 68-kev 
first excited state of Ra”®. Angular correlation measure- 
ments by Temmer and Wyckoff,> Valladas ef ai.,° 
and Falk-Vairant and Petit’ showed that the spins 
and parities of the 68-kev, 210-kev, and 255-kev 
states are 2+, 4+, and 1-, respectively. 

In experiments described below, the gamma-ray 
intensities were measured using higher resolution than 
was previously available. The conversion coefficient of 
the 68-kev gamma ray was measured, the fluorescent 
yield from the L shell of Ra®”® was measured, and an 
upper limit for the lifetime of the 68-kev state was 


established. 
PROCEDURE AND RESULTS 


The gamma-ray spectrum of ionium was measured 
using a scintillation spectrometer with a NalI(TI) 
crystal one inch thick. The ionium source was supplied 
by the Argonne National Laboratory and contained 90 
percent ionium and 10 percent Th. Radium was 
removed from the source by means of a barium precipi- 
tation. The gamma-ray spectrum is shown in Fig. 1. 
The gamma-ray energies and intensities are shown in 
Table I. The gamma-ray intensities have been corrected 
for absorption, solid angle, K-radiation escape, crystal 
efficiency, and the ratio of the number of pulses in the 
vhotoelectric peak to the total number of pulses.® 
The intensities of the 195-kev and 255-kev gamma rays 
relative to the 68-kev gamma ray are somewhat greater 
than those found by Stephens ef al.‘ 

Coincidences were observed among gamma rays and 
a I. Curie, J. phys. radium 10, 381 (1949). 

2 F. Rasetti and E. C. Booth, Phys. Rev. 91, 315 (1953). 

§ Bouissieres, Falk-Vairant, Riou, Teillac, and Victor, Compt. 
rend. 236, 1874 (1953). 

‘Stephens, Asaro, and Perlman, Phys. Rev. 100, 1543 (1955). 

5G. M. Temmer and J. M. Wyckoff, Phys. Rev. 92, 913 (1953). 

6 Valladas, Teillac, Falk-Vairant, and Benoist, J. phys. radium 
16, 125 (1955). 

7p. Falk-Vairant and G. Petit, Compt. rend. 240, 3295 (1955). 

8D. Maeder and J. Wintersteiger, Physica 18, 1147 (1954). 


x-rays detected by two NalI(TI1) crystals. The coinci- 
dence spectrum obtained by fixing one channel on the 
14-kev photopeak and sweeping the other channel 
over the gamma-ray spectrum is shown in Fig. 1. 
The coincidence peak at 142 kev is normalized to the 
same area as the single-channel peak. Figure 1 shows that 
the number of coincidences per 142-kev gamma ray 
is much greater than the number per 255-kev gamma 
ray. More detailed coincidence measurements showed 
that the number of coincidences per 195-kev gamma 
ray was the same, to within a factor of two, as the 
number of coincidences per 142-kev gamma ray. 

The fluorescent yield of the L shell is defined as the 
number of L x-rays emitted per excitation of the L 
shell. The fluorescent yield, f, was obtained from the 
measurement of coincidences between the 142-kev 
gamma ray and the 14-kev L x-ray. The coincidence 
rate is given by 


Ne= Nia fQuar/(1+a), 


where Vi42 is the number of 142-kev gamma rays 
detected per second, 2,4 is the probability of detecting 
an L x-ray, and az and a@ are conversion coefficients for 
the 68-kev gamma ray. Falk-Vairant® gives az/(1+a) 
=0.73+0.04. The result of the measurement was 
f=0.52+0.05. 

The total conversion coefficient for the 68-kev gamma 
ray was obtained by measuring the coincidences 
between the 142-kev gamma ray and the 68-kev gamma 
ray. The coincidence rate is given by 


N, = N y42Qe/ (1 +a), 


where (Qs is the probability of detecting a 68-kev 
gamma ray. Coincidence measurements were made 
using different thicknesses of tantalum absorber for 
the 68-kev gamma ray. These measurements showed 
that about 5% of the coincidences were caused by 
crystal-to-crystal scattering of the high-energy gamma 
rays. The result of the coincidence measurement was 
a=45+5. 

The lifetime of the 68-kev excited state was measured 
by observing the coincidences between pulses from the 
68-kev gamma rays or the 14-kev L x-rays and delayed 
pulses from the alpha particles. The coincidence circuit 
used was the type’ which combines energy selection 


® P. Falk-Vairant, Ann. phys. 9, 524 (1954). 
” Bell, Graham, and Pitch, Can. J. Phys. 30, 35 (1952). 
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DECAY OF 


TABLE I. Energies and intensities of the gamma rays 
and x-rays of ionium. 








Energy 


Number per 
in kev 


disintegration 


0.110.015 
(6.40.8) x 10-3 
(4.2+1.3)X 10 
(8.01.3) 10-4 
(S+2)X 10-5 
(341) 10-5 





14 (L x-ray) 
68+1 


88 (K x-ray) 
142+2 
195+5 
25543 








with a resolving time of 10~* second or less. The alpha 
particle was detected in a plastic scintillator, the 
68-kev gamma ray in a Nal(TI) crystal, and the 
14-kev L x-ray in a plastic scintillator. The L x-ray is 
emitted about 10~"* second after the internal conversion 
of the 68-kev gamma ray. The effect of photoelectron 
statistics on the slope of the delayed coincidence curve 
has been discussed by Post and Schiff." In order to 
estimate the increase in the apparent lifetime due to 
photoelectron statistics, prompt coincidence curves 
were taken using the annihilation radiation of Na”. 
The pulse heights were made equal to those from the 
ionium by means of light absorbers. The delayed 
coincidence rates were taken for the ionium and the 
Na” without changing any settings of the pulse-height 
analyzers, with the result that the mean lifetime of the 
68-kev state is T1,,<10~® second. 


DISCUSSION OF RESULTS 


The coincidence spectrum in Fig. 1 shows that the 
255-kev gamma ray is not in coincidence with the 142- 
kev or 68-kev gamma rays, so it is assumed to be a 
transition to the ground state. The 195-kev gamma ray 
is in coincidence with the 68-kev gamma ray, and is 
evidently the 187-kev gamma ray‘ emitted in a transi- 
tion from the 255-kev to the 68-kev state. The decay 
scheme of Ra”® is shown in Fig. 1. The 68-kev and 
210-kev states are described by the Bohr-Mottelson 
model” of the nucleus, but the higher energy states 
can only be explained by a refinement of the simple 
Bohr-Mottelson model. The spin and parity of the 
255-kev state have been established as 1~ by Falk- 
Vairant ef al.,’ in agreement with the predictions 

1 R. Post and L. Schiff, Phys. Rev. 80, 478 (1950). 


2 A. Bohr and B. Mottelson, Kgl. Danske Videnskab. Selskab, 
Mat.-fys. Medd. 27, No. 16, (1953). 
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oe wae 
ENERGY IN KEV 
Fic. 1. Gamma-ray spectrum of ionium taken with scintillation 
spectrometer. Broken line shows coincidences between the 


14-kev L x-ray and the gamma rays. The inset shows the level 
scheme of Ra”*, 


based on the spins of similar states in U™, Th”*, and 
Th* as measured by Stephens, Asaro, and Perlman." 

An independent measurement of the L conversion 
coefficient of the 68-kev gamma ray is obtained from 
the ratio of the intensity of the L x-ray to the intensity 
of the 68-kev gamma ray. The conversion coefficient is 
given by a,=(Nz/Nes)(1/f). The result is a,=35.6 
+4.6 and a=48+7. The average value of a is 4645, 
in agreement with the theoretical value for electric 
quadrupole radiation. 

The fluorescent yield, f=0.52+0.05, is in agreement 
with the theoretical value, f=0.5+0.1, calculated by 
Kinsey.!® 

The Bohr-Mottelson theory relates the energy, spin, 
and radiative lifetime of an excited state to its intrinsic 
nuclear quadrupole moment. The lifetime of the 
68-kev state of Ra” is multiplied by 1+a to give a 
radiative lifetime of T<4.7X 10-8 second, correspond- 
ing to an intrinsic quadrupole moment of Qo > 7.7 10~-* 
cm’. 
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A scintillation spectrometer and a magnetic lens spectrometer have been used to study gamma rays 
from excited states of C¥ at 3.84 and 3.68 Mev, produced in the reactions C!*(d,p)C®* and B"(a,p)C™. 
Lines have been measured at 169.5+0.4 kev, 3.844+0.015 Mev, and 3.69:+0.02 Mev. The last one was 
shown to exhibit a Doppler shift, suggesting a lifetime less than 3X10~ second. The 170-kev line was 
shown to result from a transition between the 3.84- and 3.68-Mev levels, indicating a level energy 3.675 
+0.015 Mev. Its internal conversion coefficient was found (assuming an isotropic distribution) to be 
(1.4+0.3)X10~, consistent with electric dipole radiation. Lack of knowledge of the angular distribution 
adds to the uncertainty and makes it impossible to rule out magnetic dipole radiation. Relative line in- 
tensities showed that the upper level decayed through the 3.68-Mev level with a probability 0.24+0.05. 
Transitions to the 3.1-Mev level were not detected and were concluded to have intensities less than 3% 


of the ground-state transitions. 





INTRODUCTION 


HE excitation energies, spins, and parities of the 
lower levels of C now seem well established.’ 
This paper reports an investigation of the radiation 
from the second and third excited states at 3.684+-0.015 
and 3.844+0.015 Mev,’ respectively. The results consist 
of new values of the gamma-ray energies, an internal 
conversion coefficient, and information on the radiative 
lifetimes. 
A 3-Mev electrostatic accelerator was used as a 
source of deuterons and singly-charged helium ions to 
produce the C® gamma rays in the reactions C"(d,p)C™* 
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Fic. 1. Pulse-height spectrum in NaI(T1) from B"(a,py)C®. 
E.= 1.64 Mev. Circles represent readings taken with counter in 
line with the beam; crosses correspond to 155 degrees. Solid 
curves represent component spectra from lines at 3.84 Mev and 
3.68 Mev. The lowest curve is an estimate of the Doppler-shifted 
3.68-Mev spectrum. 


t Assisted by the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission. 

* Now at the Office of Naval Research, Washington 25, D. C. 

t Now at the General Electric Company, Schenectady, New 
York. 

§ Now at C. E. N. de Saclay, France. 

1F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77 
(1955). 

*Sperduto, Buechner, Bockelman, and Browne, Phys. Rev. 
96, 1316 (1954). 


and B"(a,p)C"*. A 20-microgram/cm? natural boron 
target was prepared by cracking diborane gas on 
tantalum, and the carbon targets were graphite flakes 
or unbacked carbon foils prepared by cracking natural 
gas on tantalum and detaching the deposit. Efforts to 
prepare boron foil targets were unsuccessful. The com- 
plementary techniques of scintillation spectroscopy and 
magnetic lens spectroscopy were used to establish the 
presence of gamma lines at 3.69, 3.84, and 0.170 Mev, 
and to study certain of their properties.’ The first two 
lines were interpreted as representing ground-state 
transitions from the known levels, and gamma-gamma 
coincidences were measured to confirm the assignment 
of the third line as a transition between the levels. 


DOPPLER SHIFT AND RELATIVE LINE INTENSITIES 


A study of Doppler effects was made ou high-energy 
gamma rays from B"(a,p)C™* by comparing energies 
measured at 0° and 155° with respect to the incident 
He* beam.‘ The beam energy was set by electrostatic 
analysis to give maximum yield from a resonance at 
1.64 Mev at which the 3.84-Mev level is produced with 
22 times® the intensity of the 3.68-Mev level. A scintil- 
lation counter [NaI(T1) cylinder, 13 inches diameter, 
1} inches long; Dumont 6292 photomultiplier ] was set 
up two inches from the target, first on a radius coinci- 
dent with the Het beam direction, then at 155° removed 
from it. The scintillation spectrum was studied at each 
position with a ten-channel pulse-height analyzer and 
is shown in Fig. 1. Circles represent the 0° data and 
crosses, the 155° data. The spectrum from the 2.62-Mev 
line from ThD was used as a stability check. No shift 
between the spectra was detected, and it was concluded 
that the lifetime of the 3.85-Mev level is significantly 
longer than the stopping time in tantalum for the 
recoil carbon nuclei,® about 3X 10-" second. 

3 A preliminary account of part of this investigation was given 
by R. J. Mackin, Jr., Phys. Rev. 92, 529(A) (1953). 

«W. R. Mills and R. J. Mackin, Jr., Phys. Rev. 95, 1206 (1954). 

5 Shire, Wormald, Lindsay-Jones, Lunden, and Stanley, Phil. , 


Mag. 44, 1197 (1953). 
6 R. G. Thomas and T. Lauritsen, Phys. Rev. 88, 969 (1952). 
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RADIATION FROM 


The experiment was repeated at a resonance (2.30 
Mev) at which the 3.68-Mev line intensity was found 
to be about five times that of the 3.85-Mev line. 
Figure 2 shows the measured spectra. 

The shape of the (unshifted) curve produced by 
decay of the 3.85-Mev level was taken to be that of 
Fig. 1, adjusted for the change in pulse amplification 
used. Subtracting it from each curve results in two 
spectra from a nominal 3.68-Mev transition, shifted 
by 1.340.2% of the line energy. The theoretical 
maximum shift expected to result from net motion of 
the center of mass is 1.9%, but the experiment’s poor 
geometry prevents drawing any quantitative conclusion 
as to the level’s mean life. The expected mean life is 
two orders of magnitude below the stopping time. 

The subtraction analysis of Fig. 2 suggested a shape 
for the scintillation spectrum produced by an individual 
line at 3.68-Mev. Using this shape together with an 
estimate of the intensity of the shifted 3.68 line obtained 
from proton-group intensities,’ a rough analysis was 
made of the 0° curve in Fig. 1. After subtraction of the 
weak shifted spectrum (the lowest curve in Fig. 1), a 
more careful analysis of the remainder was made, which 
was based on identical 3.68-Mev and 3.85-Mev line 
shapes with a photopeak like that of the 3.68-Mev line 
measured at 2.3 Mev. Figure 1 shows the resultant 
curves as solid lines. 

The intensity ratio of the gamma rays emitted at 0° 
was determined from the relative photopeak heights, 
corrected for the (empirical) relative photopeak efh- 
ciency,’ and was found to be: (total 3.68)/3.85=0.46. 
By assuming the angular distributions corresponding to 
the accepted angular momenta involved,®:* and com- 
paring with the proton group intensities, it was calcu- 
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Fic. 2. Pulse-height spectrum in NaI(T1) from B"(a,py)C*. 
Eq,=2.3 Mev. Circles represent 0° readings; crosses, 155° read- 
ings. Lower solid curve is the “total unshifted spectrum.” 


7H. H. Woodbury, thesis, California Institute of Technology, 
1953 (unpublished). 
8 A. G. Stanley, Phil. Mag. 45, 430 (1954). 


EXCITED STATES OF C?3 
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ELECTRON MOMENTUM (GAUSS-CMx 107°) 


Fic. 3. Spectrum of Compton electrons produced by the 3.84- 
and 3.68-Mev gamma rays of C!*(d,py)C in 40-mg/cm* graphite. 
The solid curves represent theoretical line shapes. 


lated that the 3.85-Mev level decays by cascade through 
the 3.68-Mev level with a probability 0.24+0.05. 

By using this branching probability in conjunction 
with the relative gamma-ray intensities calculated for 
the 2.3-Mev resonance and assuming isotropic emission, 
it was found that at E,=2.3 Mev the 3.68-Mev level 
is produced with 3.5 times the intensity of the 3.85-Mev 
level. 


ENERGY MEASUREMENTS 


The Compton electron spectrum from a 40-mg/cm? 
graphite target-converter at the source-point of a mag- 
netic lens spectrometer was studied to determine the 
energies of the two high-energy lines from C”(d,p)C™* 
at Eag=2.4 Mev. A trans-stilbene scintillation-counter 
detector was used to record focused electrons. The 
spectrum (Fig. 3) was compared with theoretical line 
shapes‘® derived from the Klein-Nishina formula by 
folding with the spectrometer window curve (a Gaussian 
of width 1.9% of momentum), a Landau energy loss 
distribution for the target, and (for the lower line) 
a Doppler broadening distribution. The source of the 
discrepancy below 12.5 kilogauss-centimeters is believed 
to be the 3.4-Mev line® from C8(d,n)N™*. An alter- 
native analysis, which employed the observed spectrum 
produced by the (3.097+0.005)-Mev line (not shown) 
as a pattern for resolving the components, showed the 
same discrepancy in this region. The two analyses 
produced compatible energy values for the two gamma 
lines: 3.844+0.015 Mev and 3.69+0.02 Mev. 

No Doppler correction is indicated for the upper line, 
according to the results of the previous section. Taking 
into account the fraction of the lower line’s intensity 
resulting from direct production of the level instead of 
cascade (0.75), its Doppler correction (for isotropic 
distributions) is 19 kev. This figure may be changed 
by as much as 50% by the angular distributions in- 
volved. The indicated value for the level energy is 
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3.674+0.03 Mev; a better value is given in the next 
section. The thick-target yields of 3.84- and 3.69-Mev 
y rays at Eg=2.4 are, respectively, 4.3X10~* y rays/ 
deuteron and 5.8X10-* y rays/deuteron, to about 


15%. 
LOW-ENERGY LINE 


The energy of the gamma line connecting the two 
levels was measured in the magnetic lens spectrometer 
through study of the internal conversion line and the 
photoelectric peaks from silver, thorium, and uranium 
converters. An Amperex 200C end-window Geiger 
counter served as detector. The results appear in Fig. 4. 
The momentum scale was calibrated on the ThB “F” 
line,® and account was taken of the component of the 
earth’s field along the spectrometer axis, the atomic 
binding energy of the converter," and electron energy 
losses in the converter. The thickness of the silver 
converter was determined by the energy loss of the 
internal conversion electrons passing through it, cor- 
rected for the energy difference between these electrons 
and the silver K-shell photoelectrons by a semiempirical 
energy-loss formula. The thicknesses of the uranium 
and thorium converters were, respectively, 2 and 4 
mg/cm?, many scattering lengths for electrons in the 
K-photopeaks. The peak positions were therefore 
located by their extrapolated leading edges," which 
obviated the need for energy loss corrections. The 
transition energy values are given in Table I. 

Consideration was given to a possible energy shift of 
the internal conversion electrons resulting from motion 
in the vacuum of a fraction of the excited C® nuclei 
recoiling from the rear face of the target. Equality of 
the widths of the internal conversion peaks with and 
without the silver backing (2.30.15 and 2.4+0.15%) 
indicated that such effects were not significant. The 
indicated value for the energy of the lower level is 
3.675+0.015 Mev. 





COUNTS (ARBITRARY UNITS) 











ELECTRON MOMENTUM (GAUSS-CM) 


Fic. 4, Internal conversion line and photoelectric peaks pro- 
duced by the 170-kev gamma rays from C#(d,py)C¥ in silver, 
thorium, and uranium converters. 


* G. Lindstrom, Phys. Rev. 83, 465 (1951). 
” Hill, Church, and Mihelich, Rev. Sci. Instr. 23, 523 (1952). 
— Lauritsen, and Rasmussen, Phys. Rev. 76, 731 
1 ; 
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TABLE I. Measured energy values for the 170-kev transition. 








170.6+1.0 kev 
170.1+1.0 kev 
169.4+0.8 kev 
168.5+0.5 kev 
168.7+0.5 kev 


169.5+0.4 kev 


Internal conversion 
Silver (K) 
Thorium (L) 
Thorium (K) 
Uranium (K) 


Average 








A measure of the internal conversion coefficient was 
found by comparing the area under the internal con- 
version line with the scintillation spectrum produced 
by the low-energy gamma rays in a 0.5-inch NaI(TI) 
crystal in well-defined good geometry. The measure- 
ments were made in immediate succession without 
displacement of the target. It was necessary to correct 
for electron absorption in the 1.4 mg/cm? window of 
the detector counter” (10%) and for gamma-ray 
absorption in the spectrometer wall and the crystal 
covering. It was estimated that 84% of the radi- 
ation incident upon the crystal produced pulses in 
the photo peak. The lens spectrometer solid angle was 
determined from the Compton spectrum of a calibrated 
Co® source. 

The internal conversion coefficient was found to be 


Y./Y,=(1.4+0.3)X10-. 


This figure ignores angular distribution effects. It 
could thus be seriously in error, inasmuch as the 
conversion electron distribution, if anisotropic, differs 
sharply from the gamma-ray distribution at this low 
energy,“ and inasmuch as the electrons were measured 
at about 20° and the gamma rays at 90° away from 
the deuteron beam direction. 

The theoretical total conversion coefficients for the 
lower multipoles’ are 


Ei 1.7510“ 
M1 0.75X 10 
E2 14.7 X10~ 
M2 i.. IO". 


Agreement is obtained only with E1 (as expected from 
the accepted spins) although the qualification imposed 
by unknown angular distributions admits the possibility 
of M1. 

A corroborative measurement was made of the 
internal conversion coefficient of the 238-kev line of 
ThB (of which the “F” line is the K-conversion peak). 
The resulting value was 0.68+0.13. The best known 


2 Feather, Kyles, and Pringle, Proc. Phys. Soc. (London) 
A61, 466 (1948). 

13 R. L. Heath and F. Schroeder, U. S. Atomic Energy Com- 
mission Report AECD IDO-16149, first rev., 1955 (unpublished). 

4L. C. Biedenharn and M. E. Rose, Revs. Modern Phys. 25, 
729 (1953). 

18 Rose, Goertzal, Spinrad, Harr, and Strong, Phys. Rev. 83, 
2 and Rose, Goertzal, and Swift (privately circulated 
tables). 
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value, based on the intensity of the F-line relative to 
that of the parent beta spectrum, is 0.71.!6 

With the lens spectrometer and a thin carbon target, 
backed with a 20.2-mg/cm? thorium converter, a search 
was made for the gamma lines representing transitions 


16D. G. E. Martin and H. O. W. Richardson, Proc. Phys. Soc. 
(London) 63, 223 (1950). 
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to the 3.1-Mev level. The search was unsuccessful, and 
their intensities are estimated at less than three percent 


of those of the ground state transitions. 
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Electron Capture and Alpha Decay of Np***+ 


RicHarD W. Horr, James L. OLtsEN, AND Ltoyp G. MANN 
University of California Radiation Laboratory, Livermore, California 
(Received January 30, 1956) 


The electron capture and alpha decay of Np** have been investigated. An L/K capture ratio of 30+2 is 
found from absolute ZL and K x-ray measurements. No gamma rays are observed in the electron capture 
decay of Np**. An alpha branching ratio of (3.50.4) X10-* was measured for this nuclide. The alpha 
particles have coincident 26- and 85-kev gamma rays with an intensity of 0.054-+-0.005 gamma per alpha 
disintegration for the 85-kev gamma ray. The intensity of the 26-kev gamma ray is comparable, although 


somewhat more uncertain. 


I. INTRODUCTION 


HE nuclide Np*® was originally discovered as a 
product of deuteron irradiations of U™*.' In later 
work by James e? al.,? a half-life of 410 days was meas- 
ured for this nuclide, exhibiting predominantly electron 
capture decay with an L/K capture ratio of >9. 
A slight alpha branching (5X10-°) was also reported 
with an alpha-particle energy of 5.06 Mev. The present 
report concerns a more detailed study of the decay of 
this nuclide using a scintillation crystal spectrometer 
and a proportional counter in connection with a multi- 
channel pulse-height analyzer. Both gamma-gamma 
and alpha-gamma coincidence techniques were used in 
a study of the decay scheme. 


Il. EXPERIMENTAL METHODS AND RESULTS 


The Np* used in the present study was produced by 
the (d,2n) reaction in a cyclotron bombardment of 
high-purity U* (99.9+-%) with 18-Mev deuterons. The 
target received a total of 2489 microampere hours of 
intermittent irradiation over a period of three months. 
After dissolution of the uranium foil in hydrochloric 
acid, the neptunium fraction was separated and purified 
by repeated hydroxide and fluoride precipitations with 
lanthanum carrier added, anion exchange column elu- 
tions using Dowex-1 resin* in a hydrochloric acid 


¢ This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 

1 James, Florin, Hopkins, and Ghiorso, The Transuranium 
Elements: Research Papers (McGraw-Hill Book Company, Inc., 
New York, 1949), Paper No. 22.8, National Nuclear Energy 
Series, Plutonium Project Record, Vol. 14B, Div. IV. 

? James, Ghiorso, and Orth, Phys. Rev. 85, 369 (1952). 

3 Dow Chemical Company, Midland, Michigan. 


medium, and solvent extraction of the neptunium using 
thenoyltrifluoroacetone (TTA) dissolved in benzene.‘ 
The final purification was performed after waiting a 
sufficient length of time to insure the complete decay 
of shorter-lived neptunium isotopes (Np**, Np**) pres- 
ent in the original sample. An aliquot of the final 
preparation was followed for decay in a 4 counter as 
a check on radiochemical purity. 

The relative intensities of the K and L x-rays resulting 
from the electron-capture decay of Np**> were measured 
using both a sodium iodide (T]-activated) crystal and a 
xenon-filled proportional counter as detectors. The 
initial pulse, either from the phototube attached to the 
crystal or directly from the proportional counter was 
introduced into a 50-channel differential pulse-height 
analyzer, after being amplified in a preamplifier and 
linear amplifier. The 60-kev gamma ray of Am™! was 
used to calibrate sample geometry for the sodium iodide 
crystal. Knowing the dimensions of the proportional 
counter and the pressure of the xenon gas within the 
counter, it was possible to calculate the sample geometry 
and counting efficiencies for the ZL x-rays of the Np”*° 
sample. The counting efficiencies of the La, Lg, and L, 
x-rays of uranium were 53.7%, 34.0%, and 23.5%, 
respectively. The calculated geometry and counting 
efficiencies were experimentally checked using the L 
x-rays of an Am™! standard.® The K and L x-ray spectra 
of Np*® are shown in Fig. 1. From the absence of 


4E. K. Hyde, in The Actinide Elements, edited by G. T. Seaborg 
and J. J. Katz (McGraw-Hill Book Company, Inc., New York, 
1954), Chap. 15, National Nuclear Energy Series, Plutonium 
Project Record, Vol. 14A, Div. IV. 

5 Beling, Newton, and Rose, Phys. Rev. 86, 797 (1952) and 
Phys. Rev. 87, 1144 (1952). 
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detectable gamma rays, it is concluded that the majority 
(99+-%) of the electron capture decay of Np** does 
not populate an excited level of U** but rather proceeds 
directly to the ground state. L x-ray—K x-ray coinci- 
dences were measured using the proportional counter 
and sodium iodide crystal detectors in conjunction with 
a coincidence circuit of 2X10~*-sec resolving time. 
A single-channel pulse-height analyzer was used to 
discriminate against radiation other than the K x-ray 
gates, while a 50-channel differential pulse-height ana- 
lyzer was used to analyze the energy of the coincident 
L x-ray radiation. The relative K and L x-ray intensities 
for Np™ are listed in Table I, these intensities having 
been corrected for sample geometry and counting 
efficiency in the detector. After subtracting the L 
x-rays arising from the filling of a vacancy in the 
K shell (i.e., those L x-rays in coincidence with the K 
x-rays), an L/K capture ratio of 30+2 was calculated 
using a fluorescence yield of 98% for the K shell® and 
an over-all fluorescence yield of 42% for the L shells.’ 
The energy available for the electron capture of Np** 
has been estimated with the aid of closed-decay cycles*® 
to be 0.170 Mev. A search was made for the continuous 
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Fic. 1. K and L x-ray spectra of Np**. 


*P. R. Gray, University of California Radiation Laboratory 
Report UCRL-3104, 1955 (unpublished); Broyles, Thomas, and 
Haynes, Phys. Rev. 89, 715 (1953). 

7B. B. Kinsey, Can. J. Research 26A, 404 (1948); B. L. 
Robinson and R. W. Fink, Revs. Modern Phys. 27, 424 (1955). 

, 8 rer: — and Seaborg, J. Inorg. and Nuclear Chem. 
, 3 (1955). 
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TaBLe I. Relative K and L x-ray intensities for the 
electron-capture decay of Np™*. 








Coincident with 
x-rays 


Relative 
intensities 


762+12 
4600+ 70 
4240+ 70 
1080+50 


X-ray Energy (kev) 


K 98 

La 13.4-13.7 
Ls 16.4-17.5 
a 20.1-20.9 





106-6 
89+6 
12+3 








gamma spectrum of Np*® in both the singles spectrum 
and in coincidence with K x-rays. However, the low 
decay energy and expected low intensity® caused the 
continuous gamma spectrum to be obscured by the 
other radiations of the sample. 

Alpha-particle pulse analysis revealed that the sample 
contained, in addition to the 5.06-Mev alpha particles 
of Np™*, 4% Np*’ alpha activity which was probably 
formed during the cyclotron bombardment by the 
(d,3n) reaction on the U** impurity in the target. The 
alpha branching ratio of Np*® was redetermined by 
comparison of the alpha counting rate in an argon 
counter of known efficiency and the electron capture 
disintegration rate as measured by the absolute K and L 
x-ray intensities. A branching ratio of (3.5+0.4) 10-5 
was found as compared with a value of 5X 10-* meas- 
ured previously.” 

The gamma spectrum in coincidence with the alpha 
particles of the sample was measured using a zinc sulfide 
screen to detect the alpha particles, a sodium iodide 
crystal detector for the gamma rays, and a fast-slow 
coincidence apparatus of 7X10-*-sec resolving time. 
A 50-channel differential pulse-height analyzer was 
used to analyze the energy of the coincident radiation. 
Gamma rays of 26 and 85 kev and L x-rays were ob- 
served to be in coincidence with the alpha particles of 
the sample." The over-all half-life of the coincident 
radiation was measured to be (3.7+0.4)X10-* sec 
(Fig. 2). This represents a composite half-life due to a 
contribution from the 30- and 87-kev gamma rays 
associated with the alpha decay of Np*’.!'- Correcting 
for the 87-kev gamma ray in Np’, the intensity of the 
85-kev gamma ray is 0.054+0.005 gamma per alpha 
disintegration. The intensity of the 26-kev gamma ray 
is comparable, although somewhat more uncertain. 


Ill. CONCLUSIONS 


The L/K capture ratio, which is relatively easy to 
determine in Np** decay since there are no gamma 
rays involved, can be used to calculate the electron- 


® P. Morrison and L. I. Schiff, Phys. Rev. 58, 24 (1940). 
© These same gamma rays have been observed in the beta 
decay of Th*!. Their half-life is reported to be (4.14-0.4)X 10~* sec 
Me 3) Strominger and J. O. Rasmussen, Phys. Rev. 100, 844 
1955). 
1D. W. Englekemeir and L. B. Magnusson, Phys. Rev. 94, 
1395 (1954). 
2 F. S. Stephens, Jr., University of California Radiation Labo- 
ratory Report UCRL-2970, 1955 (unpublished). 
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capture decay energy.” At very low decay energy 
(just above the K edge of the element) the L/K capture 
ratio is very sensitive to a change in decay energy. 
For the experimentally observed L/K ratio of 30+2, 
the Np*® decay energy is calculated to be 0.130 Mev. 
This decay energy is to be compared with the closed- 
decay-cycle estimate of 0.170 Mev,® corresponding to 
an L/K capture ratio of 1.5 which is far outside of the 
experimental error on the measured ratio. The closed- 
decay-cycle estimate of the decay energy is considered 
to be 40 kev too high. An uncertainty of this magnitude 
is not unexpected in the closed-cycle estimates. 

The value of log ft for the electron capture decay of 
Np** is 6.5. This most probably indicates first-for- 
bidden decay, AJ=0, 1, yes." The spins of U™* and 
Np”? have been measured to be 7/2'® and 5/2,'* re- 
spectively. From the shell model the nuclide Np™ 
might also be expected to have spin 5/2 and to have 
opposite parity (i.e., odd parity) to that of U¥*. Thus, 
the assignment of AJ =0, 1, yes for the decay of Np** is 
consistent with the present data on spins in this region. 

From a correlation of data available on relative 
abundances of L x-rays in the region of Z=92,!" it is 
found that L_ x-rays arise predominantly from the 
filling of Ly11 shell vacancies, while Lg and L, x-rays are 
produced from the filling of a combination of L-shell 
vacancies. As first noted by James ef al.,? the relative L 
x-ray intensities associated with the L capture of Np** 
indicate a large fraction of Ly11-shell vacancies. Now for 
allowed or first-forbidden, AJ=0, 1 electron capture 
transitions, capture from the Ly shell is predominant 
with approximately 10% capture from the Ly shell and 
a negligible contribution from the Ly shell."* Thus, any 
Li shell vacancies observed must arise from Coster- 
Kronig type transitions.'* Although the uncertainties 
of the individual L-shell fluorescence yields for uranium 
preclude a detailed analysis of the Np** data, it can be 

13R. E. Marshak, Phys. Rev. 61, 431 (1942); R. W. Hoff and 
J. O. Rasmussen, Phys. Rev. 101, 280 (1956); H. Brysk and M. 
E. Rose, Oak Ridge National Laboratory Report ORNL-1830 
(unpublished). 

4 R, W. Hoff and S. G. Thompson, Phys. Rev. 96, 1350 (1954). 
The logit for this nuclide would be smaller (~5.2), far from the 
average of 8.5 as found by R. W. King and D. C. Peaslee, Phys. 
Rev. 94, 1284 (1954) for unique first-forbidden decay, AJ =2, yes. 

18K. L. Vander Sluis and J. R. McNally, Jr., J. Opt. Soc. Am. 
45, 65 (1955). 

16 J. E. Mack, Revs. Modern Phys. 22, 64 (1950). 

17 Jaffe, Passell, Browne, and Perlman, Phys. Rev. 97, 142 
(1955); Paul Day, Phys. Rev. 97, 689 (1955); H. Jaffe, Ph.D. 
thesis, University of California Radiation Laboratory Report 
UCRL-2537 (unpublished); C. I. Browne, Jr., Ph.D. thesis, Uni- 
versity of California Radiation Laboratory Report UCRL-1764 
(unpublished). 

18D. Coster and L. Kronig, Physica 2, 13 (1935). 
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Fic. 2. Half-life of 26- and 85-kev gamma rays in coincidence 
with alpha particles of Np**. 


said that a large fraction of tiie vacancies in the L; shell 
due to capture are filled by Ly11-shell electrons in Coster- 
Kronig type transitions. This is in agreement with the 
results of Kinsey’ and Ross et al. 

The partial alpha half-life for Np**, calculated from 
the experimentally measured alpha branching ratio, is 
(3.2+0.3) X10‘ years. Although there are not sufficient 
data to comment on a scheme for the alpha decay of 
Np*5, the nuclide is similar to a number of odd-mass, 
odd-proton alpha emitters in this region for which a 
large number of El gamma transitions have been 
observed, many of these having measurable half-lives 
which are much longer than would be expected from 
the predictions of the Weisskopf formula.” 
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Decay of As’*+ 


E. Brun, J. J. KravsHaar, AND W. E. MEYERHOF 
Department of Physics, Stanford University, Stanford, California 
(Received December 30, 1955) 


The gamma rays following the decay of As™ have been studied with scintillation spectrometers both 
single and in coincidence. Sixteen gamma rays have been resolved and have necessitated the addition of 
levels at 2.91 and 3.74 Mev to the levels of Ge” known from previous studies of the radiations of Ga”. 
From delayed coincidence measurements gamma rays of 1.75, 2.24, and 3.0 Mev, in addition to annihilation 
radiation, have been observed to populate the isomeric (0*) state in Ge” at 0.69 Mev. 





I. INTRODUCTION 


HE decay of Ga” has been recently studied in this 
laboratory! and by Johns, Chidley, and Williams.* 
The two investigations led to very similar conclusions 
concerning the rather complicated level structure of 
Ge”. Because of the anomalous state at 0.69 Mev, 
that has spin zero and even parity, it was felt important, 
however, to obtain additional and confirmatory in- 
formation concerning the levels of Ge” by studying the 
decay of As”. 

The decay of As” (26-hour) has been studied by 
several investigators.** Mei et al.§ found five positron 
groups at 3.339 Mev (19.3%), 2.498 Mev (61.6%), 
1.844 Mev (12.1%), 0.669 Mev (5.0%) and 0.271 Mev 
(2.0%), a gamma ray of 0.835 Mev, and a conversion 
electron line at 0.69 Mev (intensity equal to 1.2% of 
the positrons present). The presence of higher energy 
gamma rays was noted but their weak intensity pre- 
vented any quantitative measurements. Stoker and Ong 
Ping Hok® while studying As” have also observed the 
As” conversion electron line at 0.69 Mev (intensity 
equal to 0.9% of the positrons present). 


II. PREPARATION OF THE SOURCES 


Sources of As” were obtained by bombardment of 
Ga2O; by alpha particles for 14 microampere-hours 
with the 60-inch cyclotron of the Crocker Radiation 
Laboratory of the University of California. Two irra- 
diations were carried out, the first at 17 Mev and the 
second at 20 Mev. The chemical separations of the 
radioactive arsenic were carried out by means of a 
distillation of AsCl;. The arsenic was then precipitated 
as As»S;. In the case of the first source 100 mg of As 
carrier were added, and 10 mg for the second source. 


t This work was supported in part by the joint program of 
the Office of Naval Research and the U. S. iui Daaey 
Commission. 

! Kraushaar, Brun, and Meyerhof, Phys. Rev. 101, 139 (1956). 

? Johns, Chidley, and Williams, Phys. Rev. 99, 1645(A) (1955) 
and Can. J. Phys. (to be published). 

3 Mitchell, Jurney, and Ramsey, Phys. Rev. 71, 825 (1947). 

* McCown, Woodward, and Pool, Phys. Rev. 74, 1315 (1948). 

5 Mei, Mitchell, and Huddleston, Phys. Rev. 79, 19 (1950). 

* P. H. Stoker and Ong ;Ping Hok, Physica 19, 279 (1953). 


Ill, THE GAMMA-RAY SPECTRUM 


The gamma-ray spectrum was determined using the 
single Nal crystal, collimated-beam, scintillation spec- 
trometer that has been described previously.' The 
source was placed in a Lucite cup with a }-inch thick 
bottom to absorb the positrons. In Fig. 1, curve (a), 
is shown one of the spectra obtained. The intensities 
of the various gamma rays were determined by measur- 
ing the areas of the photopeaks and applying corrections 
for the efficiency of NaI and ratios of photopeak area 
to total area under the spectrum.’ The method of suc- 
cessive subtractions of gamma-ray distributions from 
a complex spectrum yielded good agreement with beta- 
ray spectrometer measurements of gamma-ray in- 
tensities in the case of Ga” (see references 1 and 2). 
Nevertheless the method may lead to systematic errors 
in the case of the lower energy gamma rays of small 
intensity (see Tables I and IT). 

The presence of other As activities in our sources 
required a background subtraction. In addition to As” 
there were present As” (60-hour), As” (76-day), and 
As” (17-day). In order to determine the proper back- 
ground to be subtracted, the singles spectra were care- 
fully followed as a function of time. As” was found to 
be the major contributor to the background. In addition 
to the known®®® line at 0.175 Mev and annihilation 
radiation, other lines have been resolved in this study 
and are reported in Appendix A. As” decays” solely 
by K-capture and emission of gamma rays of 0.054 
and 0.013 Mev and hence contributed nothing to the 
energy region of interest in As”. In an investigation of 
As” currently being conducted at this laboratory there 
has been resolved a weak gamma ray of 1.20 Mev, in 
addition to the known" lines at 0.51 (annihilation 
quanta), 0.59, and 0.63 Mev. 


7 The calculations of M. J. Berger and J. A. Dogget [Phys. Rev. 
99, 663(A) (1955); Rev. Sci. Instr. (to be published) ] were most 
helpful in this connection as well as the data of P. R. Bell (un- 
published), whom we wish to thank for making his results avail- 
able to us. 

8 Thulin, Moreau, and Atterling, Arkiv Fysik 8, 219 (1954). 

( aa} E. Graves and A. C. G. Mitchell, Phys. Rev. 97, 1033 
1955). 

1 Welker, Schardt, Friedlander, and Howland, Phys. Rev. 92, 
401 (1953). 

( of ohansson, Cauchois, and Siegbahn, Phys. Rev. 82, 275 
1951). 
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In Table I are listed the energies and corrected in- 
tensities of the gamma rays that have been resolved. 
The values given represent averages from several runs 
at different gains. The presence of weak gamma rays 
below 0.63 Mev, found in the Ga” work, cannot be 
excluded. Certainly the outstanding difference between 
the gamma-ray spectra of As” and Ga” is the relatively 
low intensity of the high-energy lines in As”. 

In order to determine the ratio of the total number 
of positrons to the number of 0.835-Mev gamma rays, 
a source was mounted between two ;%;-inch flat pieces of 
copper. The gamma-ray spectrum below 0.9 Mev was 
measured with the source 14 cm from the counter and 
without any lead collimator. A Na” source was then 
mounted in a position identical with the As” source, 
and its gamma-ray spectrum was determined. After 
making the usual corrections, an analysis of the gamma- 
ray spectra showed that the intensity ratio of the 
positrons to the 0.835-Mev gamma ray in As” was 
0.96+0.10. 


IV. GAMMA-GAMMA COINCIDENCE 
MEASUREMENTS 


For these measurements the source was placed 
between two flat pieces of copper, 7 inch thick, and 
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two flat pieces of lead also ;4g inch thick. This sandwich 
was put between two Nal scintillation counters. The 
coincidence circuitry, which was described previously,! 
was set to register prompt gamma rays in coincidence 
with gamma-ray pulses of 0.84 Mev. The coincident 
gamma-ray spectrum was displayed on a_ twenty- 
channel pulse-height analyzer. In order to subtract 
coincidences due to Compton electrons from higher- 
energy gamma rays under the 0.84-Mev photopeak, the 
gamma-ray spectrum coincident with 0.95-Mev pulses 
was determined next. The difference in the two spectra 
was analyzed in the usual fashion.' In Table II are 
listed the gamma-ray energies and intensities that 
resulted from that analysis. 


V. DELAYED COINCIDENCE MEASUREMENTS 


In order to determine what gamma rays populated 
the 0.3usec isomeric state in Ge”, the gamma-ray 
spectrum in coincidence with delayed conversion elec- 
trons of 0.69 Mev was measured. The electron counter 
consisted of a }-inch-thick piece of anthracene mounted 
on an RCA 5819 photomultiplier tube. A small amount 
of source was placed on cellophane tape between the 
beta- and gamma-ray counters. The gamma-ray 
counter was shielded by 7g inch of copper. 
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TaBLE I. Analysis of gamma-ray spectra. 





Relative 
intensity* 


Gamma-ray Percent per 
energy (Mev) disintegration> 


0.63 +0.01 : 7.9 +0.8 
0.835° 76.6 

1.05 +0.01 
+0.02 
+0.02 
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* The intensities have been normalized by setting the intensity of the 
0.835-Mev gamma ray equal to 100. 

b See text for normalization procedure. 

¢ This gamma ray has been used for the energy calibration in addition 
to the well-known gamma rays from Na*®, Ce, ThC”, and Po — Be sources. 


The delayed (0.5usec) coincidence gamma-ray spec- 
trum thus determined was corrected for the chance 
background. An analysis of the resulting spectrum 
indicated the presence of four gamma rays of energy 
3.0, 2.24, 1.75, and 0.51 Mev with relative intensities 
of 25, 100, 49, and 17, respectively."* The weak line at 
0.51 Mev presumably represents quanta from the 
annihilation of positrons that feed either directly or 
indirectly the 0.69-Mev isomeric state. After correction 
for the fact that not all of the positrons were annihilated 
in the vicinity of the source, the intensity of positrons 
relative to 2.24-Mev gamma rays was calculated to 
be 18 to 100. The low-energy delayed gamma ray 
(0.115 Mev) found in the Ga™ decay! is also expected 
to be present in As”, but at a lower relative intensity. 


TABLE IT. Energies and relative intensities from 0.84-Mev 
gamma-gamma coincidence spectrum. 








Percent per 
disintegration 


Relative 


Gamma-ray energy 
intensity* 


in Mev 


0.63+0.01 7.9 
0.7320.02 
0.90+0.02 
1.02+0.03 
1.22+0.03 
1.40+0.05 
1.90+0.03 
2.17+0.02° 
2.30+0.05 
2.54+0.02 
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* These intensities have been normalized setting the 0.63-Mev gamma 
ray equal to 100. 

See text for normalization procedure. The errors on these values are 
approximately +50% except in those cases where an approximation sign 
indicates a possible additional uncertainty. 

©The shape of this line indicates that it is complex, consisting most 
likely of gamma rays of 2.08 and 2.20 Mev. 


12The errors on the relative intensities are approximately 
+50%. The presence of a gamma ray of relative intensity less 
than 30 between 0.5 and 1.7 Mev is not excluded by our work. An 
additional 1.35-Mev gamma ray has been found [H. W. Kendall 
(private communication) ]. 


The large chance background in the low-energy region 
in our As” sources prevented its being detected however. 


VI. THE DECAY SCHEME 


The knowledge of the level structure of Ge” from the 
study! of Ga” is of considerable aid in interpreting the 
data from As”. The gamma rays of 0.63, 0.84, 1.05, 
1.25, 1.46, 1.68, 1.92 (1.88), 2.20, and 2.51 Mev (see 
Table I) were also found in the decay of Ga”, and 
thus to a first approximation, can be immediately 
assigned. The lines in Table I at 1.37, 2.08, 2.32, 2.91, 
and 3.74 Mev can be accommodated by the addition 
of levels in Ge” at 2.91 and 3.74 Mev. ‘These levels, as 
well as the eleven known! levels of Ge” are shown in 
Fig. 2. By the use of this decay scheme, the intensities of 
the gamma rays listed in Table I have been renorma- 
lized, in a manner to be described, to percent per 
disintegration, and are thus shown in Fig. 2. 

The 1.68-Mev gamma ray can be accommodated in 
the 2.51-0.84 Mev transition, as well as in the 3.74-2.06 
Mev transition. The intensity of this gamma ray has 
been shared in Fig. 2 between these two transitions 
using the experimental intensity ratio of the 1.05- to 
1.68-Mev gamma rays found from the Ga” work. 

It is interesting to note that the ratio of intensities 
of the 1.92- (1.88-) Mev and the 2.51-Mev line in 
Table I (1.0 to 1.7) is approximately that of the 1.88- 
Mev to the 2.49-Mev lines (1.0 to 1.4) from the Ga” 
work. This presumably indicates that the level at 3.32 
Mev is populated in the decay of As” to a much greater 
extent than the level at 3.34 Mev. This is in contrast 
to the Ga” decay where the 3.34-Mev state is populated 
to a greater degree. 

The gamma ray at 1.25 Mev can represent three 
different transitions. A fraction of its intensity is 
assigned to the 3.32-2.06 Mev transition on the basis 
of intensity ratios from Ga™. The rest of the intensity 
is assigned to the 3.74-2.51 Mev transition, since one 
would expect the other alternative (2.06-0.84 Mev) 
transition to be weak. 

The line at 1.46 Mev is considerably too intense to 
represent entirely the crossover transition from the 
1.46-Mev state to ground state. Using again the in- 
tensity ratio from Ga” (1.46- to 0.63-Mev lines) the 
remainder has been assigned to the 2.91-1.46 Mev 
transition. This assignment is in agreement with the 
coincidence measurements (Table II) where the 1.46- 
Mev gamma ray was observed fairly strongly in coin- 
cidence with the 0.84-Mev gamma ray. 

Another ambiguity arises in the assignment of the 
2.91-Mev gamma ray as it could represent the 2.91-0.00 
Mev or the 3.74-0.84 Mev transitions. Because it was 
not observed in coincidence with the 0.84-Mev gamma 
ray, it has been assigned entirely to the former transi- 
tion. The line at 2.17 Mev in Table II is presumably a 
composite of the lines at 2.08 and 2.20 Mev from 
intensity considerations and from the fact that it was 
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resolved into these two components in an earlier 0.84- 
Mev gamma-gamma coincidence measurement. 

The weak and uncertain lines at 2.63 and 2.76 Mev 
in Table I remain unassigned. The lines at 0.73 and 
0.90 Mev, observed in coincidence with the 0.84-Mev 
gamma ray, can be assigned to the 2.51-1.73 Mev, and 
1.73-0.84 Mev transitions. It is evident that a gamma 
ray of 0.60 Mev should be present in the decay of As” 
but has not been resolved in the present work because 
of its low intensity. 

The three gamma rays at 1.75, 2.24, and 3.0 Mev, 
that were found in the delayed-coincidence spectrum 
are readily assigned as transitions from the 2.39-, 
2.91-, and 3.74-Mev levels, respectively, to the isomeric 
state at 0.69 Mev. The sum of intensities of these three 
lines and the positrons in coincidence with the delayed 
electrons has been normalized (see Fig. 2) to equal 1.2 
percent per disintegration. The value of 1.2 was ob- 
tained by taking an average of the determined®:* ratios 
of 0.69-Mev conversion electrons to total positrons and 
correcting this average for electron capture. 


VII. DISCUSSION 


In order to normalize the gamma-ray intensities to 
percent per disintegration, it was necessary to assume 
the ratio of the intensities of the positrons populating 
the ground and second excited states of Ge” from the 
data of Mei ef a/.5 Further, the ratio of electron capture 
to positron emission must be known for the two 
transitions. It has been shown by Mei e¢ al.,5 and will 
be discussed later, that both transitions can be classified 
as first forbidden. The K-capture-to-positron ratio for 
the transition to the 0.84-Mev level (A/=0, first for- 
bidden) has been estimated to be 1.6 times the allowed 
value of 0.052 (see Table III). This estimate is based on 


recent experimental results and earlier theoretical 
ones.'* The K-capture-to-positron ratio for the ground- 
state transition (AJ=+2, unique first forbidden) has 
been similarly estimated to be 5 times the allowed value 
of 0.022. In order to include L-capture, the K-capture 
ratios for both transitions have been increased by 10%." 

If the 0.845-Mev gamma ray is represented by 100 
units of intensity, the ground-state (electron-capture- 
plus-positron) transition as calculated by the above 
procedure is represented by 26.0 units of intensity. In 
addition, the 0.69-Mev conversion electrons would have 


TABLE III. Branching ratios in As” decay. 








Level 
energy log log - 
in Mev fit? (ft+fK)tb 


0.0 2043 R 18 8.4 8.8 8.3 
0.69 0.11 +0.074 i “0.09 j~10 ~10 
0.835 x 56 7.3 

46 x ~2.5 
1.73 eee 
2.06 


Total 
E.C.+* 
intensity® 


Allowed Calculated 
K/g* + 


og 
ratiob _intensity* fit 
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® The intensities are given in percent of total disintegrations. The 
estimated errors are based on the decay scheme and the errors of the relative 
intensities of the gamma rays. 

bValues of fX/f* and f++/* have been taken from the graphs of 
E. Feenberg and G. Trigg [Revs. Modern Phys. 22, 399 (1950) ]. 

© See reference 18. 

4 See text for normalization procedure for this branch, 


13 M. L. Perlman and J. P. Welker, Phys. Rev. 95, 133 (1955). 

4 Koerts, Macklin, Farrelly, van Lieshout, and Wu, Phys. Rev. 
98, 1230 (1955). 

18 J. P. Welker and M. L. Perlman, Phys. Rev. 100, 74 (1955). 

16 Good, Peaslee, and Deutsch, Phys. Rev. 69, 313 (1946). 

17B. L. Robinson and R. W. Frank, Revs. Modern Phys. 27, 
424 (1955). ' 
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1.4 units of intensity, and the other gamma rays feeding 
the ground state would have 2.1 units of intensity. 
This yields a total normalization factor of 1.305, which 
has been applied to the gamma-ray intensities listed in 
Table I, column 2. The result is shown in Table I, 
column’ 3, and the intensities are also shown in the 
decay scheme in Fig. 2. The normalization factor is 
quite insensitive to the K-capture-to-positron ratios 
which were assumed. 

Table III, column 2, shows the feeding to the various 
levels of Ge” by electron capture and positrons, as 
required by the measured gamma-ray intensities. In 
Table III, column 3, are shown the allowed K-capture- 
to-positron ratios. Column 4 gives the positron intensi- 
ties calculated using the allowed electron-capture ratios 
for all transitions except those going to the ground, 
0.69-, 0.84-, and 1.46-Mev levels, for which the electron- 
capture-positron ratios have been corrected as men- 
tioned above, because these transitions are presumably 
first-forbidden. The sum of the positron intensities is 
77.5410%, which is in good agreement with the value 
73.548% derived from measurements of the ratio of 
intensities of annihilation radiation to 0.835-Mev 
gamma rays (see Sec. III). This assures the correctness 
of the main features of the As” decay scheme as shown 
by Fig. 2. 

In Table III, column 5, are listed the log ft values 
for the positron branches whose intensities are shown 
in column 4. The nomographs of Moszkowski!* have 
been used in obtaining the values listed. A unique 
first-forbidden shape factor has been observed! for the 
ground-state positron spectrum. This is quite consistent 
with the fact that the log/;*t value (8.8) is close to 
those of other unique first-forbidden transitions, as 
summarized by Davidson.” A spin and parity of 2- is 
thus required for As”. Such as assignment can be 
accounted for by a shell-model configuration of fs,2 for 
the (33rd) proton and gg/2 for the (39th) neutron and 
by application of Nordheim’s” “strong” rule. As and 
As”® have also a spin and parity of 2~ and apparently 
the same nucleon configuration. 

The transition to the 0.69-Mev (0+) level should also 
be unique first forbidden. The log/;+t value (~10), 
however, is quite high for this type of transition. A 
possible explanation of this could be that the ground 
and first excited states of Ge” differ by the excitation 
of a pair of equivalent neutrons or protons.” Thus if the 
ground-state positron transition is essentially a one- 
particle transition, the first excited state positron transi- 
tion cannot be. 


18S. A. Moszkowski, Phys. Rev. 82, 35 (1951). 

19 J. P. Davidson, Phys. Rev. 82, 48 (1951). 

®L. W. Nordheim, Revs. Modern Phys. 23, 322 (1951). 

"1 The half-life of the 0*—0* transition between the isomeric 
state and the ground state also indicates that these states are not 
connected by a single-particle matrix element. The transition is 
about 100 times slower than expected on a single-particle estimate. 
= T1988) 1 and E. L. Church and J. Weneser, Phys. Rev. 100, 
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Gamma-ray spectrum obtained two weeks after 
irradiation of the second source. 


The positron transitions to the 0.835-, 1.46-, and 
2.51-Mev levels have logft values that permit the 
transitions to be classified most readily as first forbidden 
(AJ=0, +1). This is in agreement with the 2* assign- 
ments (see Fig. 2) from the study of Ga”. The transi- 
tions to the levels at 1.73, 2.06, 2.39, and 2.82 Mev 
should also be first-forbidden in accordance with the 
spins and parities assigned in the Ga” decay! and no 
contrary information is obtained from the As” decay. 
These transitions should be weak, and the fact that 
they were not observed at all is probably not significant 
in view of the experimental uncertainties. 

The four levels at 2.91, 3.04, 3.32, and 3.74 Mev are 
fed essentially by electron capture. The log[ (f++ /*)t] 
values listed in Table III, column 7, indicate that these 
transitions are most likely allowed. This is in agreement 
with the 2~ or 3~ assignment made for the 3.04- and 
3.32-Mev levels from the Ga” data. The new level at 
2.91 Mev has been given a 1~ assignment in view of the 
allowed electron-capture transition and the fact that 
transitions associated with the level were not observed 
in the Ga” decay. Similar reasoning can be applied to 
the other new level at 3.74 Mev, except that the small 
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amount of energy available makes it appear unlikely 
that this level would be populated from Ga” in any 
case. Either a 1~ or 2~ assignment seems appropriate 
for this level. The intensities of the gamma-ray transi- 
tions from the 2.91- and 3.74-Mev levels to the first 
excited state relative to the ground-state transitions 
are in good agreement with the relative intensities 
expected for single-particle transitions,” although pre- 
sumably the transitions are not of this simple nature. 

Our results seem to indicate only a weak feeding of 
the 3.34-Mev level in Ge” from As”. If this would 
imply a spin 4~ for this level, one would find disagree- 
ment with the observed 3.34-Mev ground-state transi- 
tion in Ge”.! 


%V._ F. Weisskopf, Phys. Rev. 83, 1073 (1951). 
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APPENDIX A 


In Fig. 3 is shown the collimated gamma-ray spec- 
trum of our second source two weeks after the time of 
irradiation. The following known lines are in evidence: 
0.053 Mev (As”), 0.175 Mev (As”), 0.59 and 0.63 Mev 
(As), and 0.835 Mev (As”). In addition to these, there 
are lines at 0.310 and 1.10 Mev which have been 
assigned to As” since they decay with the 60-hour half- 
life characteristic of As”. The intensities of these two 
lines relative to the 0.175-Mev gamma ray are 5 and 


9%, respectively. 
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Spontaneous Fission Kinetics of Cf?*?+ 


A. B. Sumtu, A. M. FRIEDMAN, AND P. R. FIELDs 
Argonne National Laboratory, Lemont, Illinois 


(Received January 6, 1956) 


A double ionization chamber is used to determine the spontaneous fission modes of Cf*®? [7;(fission) = 66 
years ]. The most probable energies of the light and heavy fragments are measured to be 107 and 79 Mev, 
respectively. The asymmetry of the process is found to agree with chemical mass-yield determinations. 
The results of the experiment are compared with the kinetics of other fission processes. 


INTRODUCTION 


HE kinetics of particle-induced fission have been 
studied in detail..~> It has been theoretically 
predicted®:’ and experimentally verified®* that heavy, 
naturally occurring isotopes spontaneously fission with 
long half-lives. The low probability of the process 
makes experimental measurements exceedingly difficult. 
However, the availability of transuranic elements with 
short fission lifetimes provides an excellent opportunity 
for the study of the spontaneous process. These nuclei, 
existing in relatively high states of excitation, should 
exhibit the same fission characteristics as stable nuclei 
excited by relatively energetic particles. This is par- 
tially born out by the experimental mass-yield measure- 
ments and kinetic energy determinations®*:" in Pu 
and Cm™, 


t This work performed under the auspices of the U. S. Atomic 
Energy Commission. 
IM. Deutsch, Manhattan District Declassified Report MDDC 
945 (unpublished). 
2D. Brunton and G. Hanna, Can. J. Research 28A, 190 (1950). 
3D. Brunton and W. Thompson, Can. J. Research 28A, 498 
1950). 
‘ 4R. B. Leachman, Phys. Rev. 87, 444 (1952). 
5 EF. Segré and C. Wiegand, Phys. Rev. 94, 157 (1954). 
6N. Bohr and J. Wheeler, Phys. Rev. 56, 426 (1939). 
7D. Hill and J. Wheeler, Phys. Rev. 89, 1102 (1953). 
8 W. J. Whitehouse and J. Galbraith, Phil. a | 41, 429 (1950). 
°L. Glendenin and E. Steinberg, Phys. Rev. 95, 431 (1954). 
” R, L. Shurey, University of California Radiation Laboratory 
Report UCRL-793 (unpublished). 


Among the transuranic elements, 9sCf® is ideally 
suited to an investigation of spontaneous fission. It has 
a fission half-life"' of 66 years and a relatively long-lived 
alpha activity (2.2 years), making good measurements 
possible in a short period of time. A careful study of the 
alpha decay” has shown this isotope to follow the 
systematics of even-even alpha emitters. Glendenin and 
Steinberg” have determined chemically the spontaneous 
fission mass yields. They obtain a most probable mass 
ratio of ~1.34 along with evidence of typical mass- 
yield fine structure. The most probable number of 
neutrons released in the fission of Cf? is 3.54-4.06." 

In the present experiment the total fragment energy 
in the spontaneous fission of Cf? is measured. The rela- 
tive probability of the various modes of fission is ob- 
tained and a comparison made with other fission 
processes. 


SOURCE 
The californium was taken from a sample that had 
been made by neutron irradiation of Pu in the 
materials testing reactor." It was a radiochemically 
pure sample of californium consist’ng, by mass, of 


50% Cf, 10% Cf", and 40% Cf?” so that essentially 


1L. B. Magnussen e/ al., Phys. Rev. 96, 1576 (1954). 

"F. Asaro ef al., Phys. Rev. 100, 137 (1955). 

8 L. Glendenin and E. Steinberg, J. Inorg. and Nuclear Chem. 
1, 45 (1955). 

“ Hicks, Ise, and Pyle, Phys. Rev. 98, 1521 (1955). 
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all the observable fission activity was due to the Cf*®. 

The source was prepared by volatilization of the 
californium onto a 5-10 ug/cm? Formvar film. Previous 
work had shown that the amount of inert material 
accompanying the californium had to be reduced to the 
microgram range in order to keep the volatilized atoms 
from breaking the collecting film.'® Therefore, the 
californium was carefully purified before volatilization 
by elution from a series of cation and anion resin columns 
with 12M hydrochloric acid and finally by extraction 
into a benzene solution of thenoyltrifluoroacetone 
(TTA). The californium was re-extrxcted from the 
TTA solution into a single drop of 0.1M hydrochloric 
acid which was then evaporated on the tungsten fila- 
ment. The more volatile impurities were removed from 
the sample by heating the filament to about 800-900°C. 
The californium was then volatilized at about 1700° 
onto the film through a collimating mask which served 
as a radiation shield between the hot filament and the 


collecting film. 
APPARATUS 


The detector is a double-sided ionization chamber of 
conventional design.'*."” A thin source is placed between 
the two halves, and the fragments from binary fission 
are measured in time coincidence. The amplifier band 
width is adjusted to permit electron collection only, and 
a grid structure within the chamber shields the col- 
lectors from the source. 
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Fre. 1. Block diagram of circuitry used in the measurement 
of fragment energies. 


18 F, Wagner (private communication). 

16D. H. Wilkinson, Jonization Chambers and Counters (Cam- 
bridge University Press, New York, 1950). 

17L. Hewig ef al., Rev. Sci. Instr. 26, 929 (1955). 
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The stopping gas is 90% argon and 10% nitrogen at 
a pressure of one atmosphere. This gas is continuously 
circulated through a calcium purifier. The voltages 
within the chamber are chosen to give saturation of the 
fission-fragment ionization pulses. The alpha-particle 
resolution of the instrument is 1.5% (peak width at 
one-half maximum). It is felt that the limit of resolution 
is set by the recording equipment rather than the 
chambers. 

The circuitry is composed of conventional units. 
The block diagram of Fig. 1 shows the completed 
assembly. Events occurring in either side of the 
chamber must produce more than twice the ionization 
of the alpha particles from the source before they are 
accepted by the discriminator circuits. After a pulse 
has fulfilled the amplitude criteria, it is mixed in a coin- 
cidence circuit with similar pulses from the other side 
of the chamber. Unless simultaneous events occur, the 
recorders are not actuated. The amplitudes of the 
respective pulses appear directly on the Esterline- 
Angus recording milliampere meters. These two units 
are run at the same speed permitting a one to one time 
correspondence between events from either side of the 
chamber. The coincidence resolving time of 3 usec is 
short enough to reduce pulse pile up to a negligible 
amount. The recording circuits have dead times of } 
second which is sufficient for the phenomena under 
study. The stability of the entire system is periodically 
checked by introducing a precision test pulse onto the 
collecting electrodes of the chamber. The reliability 
of the apparatus is excellent. 


EXPERIMENTAL MEASUREMENTS 


Four coincident determinations of the fragment 
energy distribution are made. Each analysis involves 
some 5000 events spread over several days time. The 
absolute calibration of the fragment energy loss due to 
gas ionization is made by comparison with the known 
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Fic. 2. Relative probabilities of Cf? spontaneous fission modes. 
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TaBLE I. Fission fragment energies. 








Total 
fragment 
energy 
Mev 


160.2 


Energy Energy 
light heavy 
fragment fragment 
Mev Mev 


Element Reference 


9223 +m 





99.6 


«Pu? 

o6Cm*? 

(Berkeley) 

oeCm*2 

(Chalk River) 

osCf252 Present 
exper. 








ionization produced by Cf*® alpha particles and U™* 
fission fragments. A U*™® source is placed directly 
behind the Cf? sample so both sources see the same 
collimator and source backing material. Comparison 
of the fragment distributions with and without thermal 
neutrons present gives an accurate energy comparison. 
A separate measurement shows the thermal-neutron- 
induced fission of the Cf sample to be negligible under 
the experimental conditions existing during calibration. 

Throughout the measurements careful consideration 
is given to collimator and sample losses. Because of the 
coincident nature of the experiment, physical collima- 
tion of one fragment effectively collimates the other. 
Thus a comparison of the response of the chamber’s 
two sides gives a measure of collimator and source 
losses. The measured losses agree with those calculated 
from the experimental data of Lassen.'* It is felt that 
the most probable energy values for the light and 
heavy fragment groups are accurate to +3 Mev. It 
should be emphasized that the measured quantities are 
ionization energy losses and must be corrected for 
non-ionization loss to give the true fragment energies. 


RESULTS AND DISCUSSION 


The experimental results are presented as a topo- 
logical plot in Fig. 2. Fragment mass distribution, 
energy distribution, and asymmetry can be obtained 
directly from this diagram. A comparison of the fission 
energetics of Cf* with other known fission processes 
is given in Table I. All the energy measurements have 
been corrected to include non-ionizing energy loss by 
the fragments using the ionization defects measured by 
Leachman.‘ This correction amounts to a 7% increase 
over the measured ionization energy. The most probable 
value of the fragment mass ratio is measured to be 
1.36 in good agreement with the chemical yield deter- 
mination. As expected, no fine structure is observed in 
the energy distributions owing to the statistical spread 
in the ionizing power of the fragments. 

In the absence of a completely satisfactory theory of 
fission an empirical evaluation of the experimental 


18 N. Lassen, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd. 
25, 11 (1949). 
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Fic. 3. Total fragment energies from the fission 
of even-even nuclei. 


measurements must be resorted to. It has been shown 
that the spontaneous fission half-lives of even-even 
nuclei are simply related by Inry=a—bZ?/A." Quali- 
tatively, this sort of dependence is to be expected as 
the lifetimes will be a decreasing function of the 
Coulomb-surface energy differences. In correlating 
fission energies we assume thermal-neutron-induced 
fission to be equivalent to the spontaneous process in a 
nucleus containing an additional neutron and having 
an excitation energy equivalent to the neutron binding 
energy. Further, we assume the difference between the 
fission energy and the fragment energy to be essen- 
tially constant for all fission processes. With these two 
assumptions, we plot in Fig. 3 the energy of fission of 
even-even nuclei as a function of the fission parameter 
Z*/A. With the exception of the preliminary Cm” 
results,” the experimental energy values indicate a 
logarithmic dependence of fission energy on Z?/A. One 
thus concludes that the energetics of fission are governed 
largely by Coulomb-surface forces. That other forces do 
influence spontaneous fission is evidenced by the fission 
half-lives of even-even isotopic chains. It is believed 
that neutrons beyond closed subshells tend to couple 
with the collective motion of the nucleus to produce 
distortions and thus shorten fission half-lives."* Before 
the effect (if any) of such forces on fission energetics 
can be determined, more experimental data must 
become available. 


#9 J. R. Huizenga, Geneva Conference Paper No. 836 (to be 


published). 
” G. C. Hanna eé al., Phys. Rev. 81, 466 (1951). 
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The radiations from Br® were studied using an intermediate-image coincidence spectrometer, gamma- 
gamma coincidence scintillation spectrometer, and gamma-gamma directional correlation equipment. 
One allowed beta-ray group and eight gamma rays were observed. An energy level diagram is proposed. 
Determinations of the energies, relative intensities, and internal conversion coefficients were made. Five 
directional correlation measurements were performed between various gamma-ray combinations. Unam- 
biguous assignments for the spins and parities of four of the first five excited levels are made, while the 
assignment for the remaining level is restricted to two possible values. Multipole mixing ratios were measured 
for three of the transitions. A possible interpretation of the excited states, in terms of vibrational levels, 


is proposed. 





I. INTRODUCTION 


HE radiations from Br® have been examined by 

several groups employing magnetic spectrom- 
eters,-* but no coincidence techniques were used. 
A total of eight gamma-ray energies were reported, 
with additional higher energy radiations possible. An 
intense beta group was found with the possibility that 
very weak lower energy beta groups could exist. 
A study of the gamma rays from Br®, using scintillation 
summing techniques, was made by Lu é¢ al.* They 
proposed an energy level diagram. 

Magnetic spectrometer measurements of the radia- 
tions from the 6.3-hour Rb® have been made by two 
groups.”:* No coincidence work was done. All of the 
gamma rays found in the decay of Br® were observed 
in the decay of Rb® and in addition several of lower 
energy were reported. Energy level diagrams were 
proposed. 

In the investigation reported in this paper, coinci- 
dence and direct measurements were made using an 
intermediate-image spectrometer® and a conventional 
gamma-gamma coincidence scintillation spectrometer. 
Directional correlation measurements were made be- 
tween gamma rays selected by pulse height analysis. 
From these data it was possible to construct a decay 
scheme in which spins and parities were assigned as well 
as relative gamma-ray intensities. In three cases mul- 
tipole mixtures were determined. 


+ Contribution No. 429. Work was performed in the Ames 
Laboratory of the U. S. Atomic Energy Commission. 
* Now at Eastern Illinois State College, Charleston, Illinois. 
1 Roberts, Downing, and Deutsch, Phys. Rev. 60, 544 (1941). 
? Siegbahn, Hedgran, and Deutsch, Phys. Rev. 76, 1263 (1949). 
3 V. Meyers and A. Wattenberg, Phys. Rev. 75, 992 (1949). 
4 P. Hubert and J. Laberrique-Frolow, Compt. rend. 232, 2420 
1951). 
‘ 5 B. Dzhelepov and A. Stlant’ev, Doklady Akad. Nauk S.S.S.R. 
85, 533 (1952), 
® Lu, Kelly, and Wiedenbeck, Phys. Rev. 95, 1533 (1954). 
7C. M. Huddleston and A. C. G. Mitchell, Phys. Rev. 88, 1350 
1952). 
8H. T. Easterday, University of California Radiation Labora- 
tory Report UCRL-2172, 1953 (unpublished). 
® Nichols, Pohm, Talboy, and Jensen, Rev. Sci. Instr. 26, 580 
(1955). 


Il. EXPERIMENTAL PROCEDURE 


A source for use in the intermediate-image spectrom- 
eter was prepared by evaporating the water from two 
drops of a MgBr2 solution placed on an aluminized 
collodion film. The average density of source and 
backing was less than 1 mg/cm?. Use of the formula of 
Hamilton and Gross gives estimates that scattering 
effects should become significant at energies of about 
180 kev, which is well below that of the lowest energy 
conversion line. Measurements were delayed for ap- 
proximately 100 hours after removing the activated 
MgBr from the CP-5 pile at Argonne National Labora- 
tory thus allowing the 4.6-hour Br®™™ activity to 
decay out. 

The beta spectrum and internal conversion lines were 
obtained with the resolution of the intermediate-image 
spectrometer set to 3%. Coincidence measurements, 
with the intermediate-image spectrometer, were made 
by setting the associated gamma-ray scintillation spec- 
trometer on the high-energy gamma rays and sweeping 
the magnetic spectrometer over the region of interest. 
This procedure was repeated to obtain those conversion 
electrons in coincidence with lower energy gamma rays. 
For the coincidence measurements, the resolution of the 
intermediate-image spectrometer was set to 6%. 

The scintillation spectrometer was used to obtain a 
single-channel gamma-ray spectrum of Br®. The high- 
energy region was examined carefully with an intense 
source located at a distance of 15 feet from the de- 
tector, as well as at its usual distance of two inches. 

The relative efficiency, for detection under the photo- 
peaks by the scintillation spectrometer, was determined 
by measurements of the gamma-ray spectrum of Bi”, 
whose gamma-ray intensities are well known." 

Coincidence measurements were made, using the 
coincidence scintillation spectrometer, by setting on 
the highest energy (1.47-Mev) gamma ray with the 
window of one pulse-height analyzer and sweeping the 
spectrum with the window of the other. This procedure 
was then repeated for the lower energy radiations. 


© D. R. Hamilton and L. Gross, Rev. Sci. Instr. 21, 912 (1950). 
4 —D. E. Alburger and A. W. Sunyar, Phys. Rev. 99, 695 (1955). 
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Fic. 1. Beta and internal conversion spectrum obtained with 
the intermediate-image spectrometer set for 3% resolution. N is 
the counting rate. 


The coincidence scintillation spectrometer was used 
in the directional correlation measurements by setting 
the detectors in the horizontal plane containing the 
source. Provisions existed for accurately centering the 
source and moving one detector arm in integral in- 
crements of 15° from 90° relative to the fixed detector 
through 270°. No lead shielding was used, as separation 
of gamma rays was accomplished entirely by pulse- 
height analysis. 

Corrections for the finite geometry subtended by the 
detectors were made using the method of Lawson and 
Frauenfelder.’? The gamma rays of Co and Cs"? were 
used in making the geometrical corrections for Br® 
directional correlations involving high- and low-energy 
radiations. 

No corrections were made for finite source size in the 
directional correlation work. Sources were generally in 
the form of NaBr in a dilute water solution except in 
the one measurement in which the effect of source state 
was considered. Liquid and dry MgBrz was used for 
this work. To average out fluctuations, data were taken 
in cyclic fashion with the time at each of the 14 angular 
positions limited to 10 minutes. 

Corrections for the accidental coincidences were made 
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Fic. 2. N/T plot of the internal conversion spectrum from which 
the gamma-ray energies and relative conversion intensities were 
obtained. N is the counting rate. 


12 J. S. Lawson and H. Frauenfelder, Phys. Rev. 91, 649 (1953). 
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Fic. 3. The solid curve represents the conversion spectrum 
while the dashed curve shows the conversion electrons in coinci- 
dence with the 1.03-, 1.30-, and 1.47-Mev gamma rays. N is the 
counting rate. 


by calculating the number of accidentals using the 
known single-channel rates and the coincidence re- 
solving time. The resolving time was measured often 
during correlation measurements and was found to be 
constant over long periods of time. For most of the 
measurements the value of the resolving time was 
about 5X 1077 sec. 

The known directional distribution of Co was meas- 
ured as a check on the performance of the directional 
correlation equipment. An anisotropy of 0.169-+-0.005 
was obtained. 


III]. EXPERIMENTAL RESULTS 


The beta and internal conversion spectrum is shown 
in Fig. 1, while Fig. 2 displays, in an N/J plot, the 
internal conversion region of the spectrum. Energies of 
the gamma rays and relative intensities of the con- 
version lines, obtained from the N/J plot, are given in 
Table I. The end-point energy, obtained from the linear 
Kurie plot of the single beta group observed in this 
work, is 444+1 kev. The logft value is 5.1, indicating 
an allowed £ transition. Figure 3 displays the coinci- 
dence conversion spectrum, as observed with the 
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Fic. 4. The solid curve represents the conversion spectrum 
while the dashed curve shows the conversion electrons in coinci- 
dence with all gamma rays above 0.70 Mev. N is the counting 
rate. 
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TaBLE I. Transition energies, relative intensities, and conversion coefficients of Br® radiations. 








Energy (Mev) 0.545+0.002 0.610+0.002 0.688+0.002 


0.766 +0.003 


0.817+0.007 1.029+0.005 1.305 +0.005 1.469 +0,.007 





Rel. conv. intensity 

Rel. gamma intensity 

Measured int. conv. 
coefficient X10* 

Theoretical conv. co- 
efficient X10* 

Rose ¢/ ai.* 


0.87 +10% 
1.02 +10% 


0.68 +14% 


E1, 0.68 
Mi,1.4 


1.045% 0.5145% 
0.50+10% 0.37+15% 


1,60+11% 1.1415% 


E2, 1.6 £2, 1.1 
M1, 1.2 M1, 0.9 


1.0+10 
1.0+10% 


1.00+20% 
E2, 0.08 


0.12 +20% 
0.30 +20% 


0.32 +30% 


E1, 0.27 
M1, 0.60 


0.1645 
0.36+5% 


0.36 +10% 


M1, E2, 0.39 
M2, E3, 0.80 


0.08 +5% 
0.36 410% 


0.18+11% 


M1, E2, 0.22 
M2, E3, 0.45 


0.04+10 
0.18+15% 


0.18+18% 


M1, E2,0.19 
E3, M2, 0.33 








* Rose, Goertzel, and Perry, Oak Ridge National Laboratory Report ORNL 1023, 1951 (unpublished). 


intermediate-image spectrometer, with the associated 
gamma-ray analyzer set integrally to pass the photo- 
peak of the 1.03-Mev gamma ray and the pulses from 
the 1.30- and 1.47-Mev gamma rays which are above 
the 1.03-Mev photopeak. Figure 3 indicates that one 
or more of the 1.03-, 1.30-, and 1.47-Mev gamma rays 
are in coincidence with one or more of the 0.55-, 0.61-, 
and 0.77-Mev gamma rays and that none of the 1.03-, 
1.30-, and 1.47-Mev radiations are in coincidence with 
the 0.69-Mev gamma ray. Figure 4 shows the same 
region with the analyzer set to window on the photo- 
peak of the 0.77-Mev gamma ray. One notes that the 
0.69-Mev conversion line is well resolved in this work. 
Figure 4 indicates that the 0.77-Mev gamma ray is in 
coincidence with the 0.69-Mev gamma ray. An addi- 
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Fic. 5. Scintillation spectrum of Br®. The lettered regions 
correspond to window settings described in text. 


tional measurement, with the gamma-ray analyzer set 
to pass the photopeaks of the 1.30- and 1.47-Mev 
gamma rays, gave essentially the same result as shown 
in Fig. 3. 

Figure 5 shows the single-channel scintillation spec- 
trum of Br®. One notes small peaks in the region above 
700 pulse height units. These essentially disappear upon 
moving the source 15 ft back from the detector, indi- 
cating they are predominately sum lines. However, 
weak high-energy radiations may exist. In order to 
estimate the relative intensities of the gamma rays, 
a procedure, similar to that described by McGowan,” 
was used to remove the effects of Compton-scattered 
radiation. Figure 6 shows the low-energy region of the 
scintillation spectrum with the estimated layers of 


13 F, K. McGowan, Phys. Rev. 93, 163 (1954). 
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Fic. 6. Expanded low-energy region of the Br® scintillation 
spectrum. The additional lines show the synthesized Compton 
distributions and triangles used to approximate the photopeaks 
used in estimating relative intensities. 


Compton radiation. Triangles were used to approximate 
the actual photopeaks in obtaining relative intensities. 
Table I gives the relative gamma-ray intensities ob- 
tained by this procedure. 

Figure 7, obtained by using the gamma-gamma 
scintillation coincidence spectrometer and windowing 
on the 1.47-Mev photopeak, indicates that the 1.47- 
Mev gamma ray is in coincidence with both the 0.55- 
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Fic. 7. The dashed curve shows radiation in coincidence with 
1.47-Mev gamma ray. The solid curve is Br® single-channel 
scintillation spectrum. 
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Fic. 8. The dashed curve shows gamma rays in coincidence with 
1.30-Mev gamma ray and Compton-scattered radiation from the 
1.47-Mev radiation. The solid curve is the Br® single-channel 
spectrum. 


and 0.61-Mev radiations, but is not in coincidence with 
the 0.77-Mev gamma ray. Figure 8, obtained by 
windowing on the photopeak of the 1.30-Mev gamma 
ray (but also passing Compton-scattered radiation from 
the 1.47-Mev gamma ray) indicates that the 0.77-Mev 
gamma ray is in coincidence with the 1.30-Mev radi- 
ation. 

A consideration of the energies of the transitions, 
along with the coincidence results, permits the presenta- 
tion of the decay scheme shown in Fig. 9. This diagram 
is an inversion of the one proposed by Lu ef al.* Two 
arguments can be advanced to prove the inversion is 
necessary. (1) The 0.77-Mev gamma ray, from the 
decay of Rb®, has been shown’'* to be the most intense. 
It should thus be to the ground state. (2) The ground- 
state radiation from the first excited state of an even- 
even nucleus is expected to be pure £2. As will be shown 
later, the internal conversion coefficient of the 0.77-Mev 
transition indicates it to be E2, while that of the 
0.55-Mev transition indicates it to be £1. 

The internal conversion coefficient of the 0.77-Mev 
transition was obtained by a direct comparison of the 
areas, obtained from an N/J plot, under the beta 
spectrum and the conversion line. The relative intensity 
of the 1.47-Mev radiation, which is parallel to the 
0.77-Mev radiation, was considered. All of the con- 
version lines observed were assumed to be from the 
K-shell as measurements, using 1% resolution,’ did 
not detect L-shell electrons. After ascertaining directly 
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that the 0.77-Mev internal conversion coefficient in- 
dicated an £2 transition and that the 0.55-Mev transi- 
tion could not be £2, the coefficients of all but the 
0.77-Mev transition were obtained by comparing rela- 
tive conversion and gamma-ray intensities and using 
the proportionality constant obtained from the known 
0.77-Mev £2 transition. The conversion coefficients are 
given in Table I. 

Two measurements of the directional distribution 
function between the 0.77- and 1.30-Mev gamma rays 
were made. The analyzer windows were set as indicated 
by letters A and B of Fig. 5. Figure 10 shows the 
experimental results, which have not been corrected for 
detector geometry, for the directional correlation C(@). 
For one run the value of the mean square residual ¢’, 
in the notation of Rose," is 3.2 while for the other this 
value is 0.90. A value of ¢ around unity indicates that 
certain systematic errors are not present. The weighted 
mean values of the coefficients A, and A, in the equa- 
tion W(@)=1+A2P2(cosé)+A4P4(cos@), for the 0.77- 
and 1.30-Mev directional distribution, corrected for 
detector geometry, are given in Table II as correlation 
number (1). A consideration of the geometry, relative 
intensities, and relative detector efficiencies showed 
that the contribution to the given distribution function, 
of the unknown triple correlation resulting from sum- 
ming of the 0.69- and 0.61-Mev radiations, was about 
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Fic. 9. Proposed energy (Mev) level diagram. Radiations 
represented by dashed lines were reported by Easterday® and 
Huddleston and Mitchell.’ 


4M. E. Rose, Phys. Rev. 91, 610 (1953). 
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Fic. 10. The dashed curve represents the least squares fit of the 
1.30—0.77 Mev cascade. The solid curve shows the 3(D+-)2(Q)0 
transition. For the run @, the mean square residual ¢=0.90, while 
the run « corresponds to &=3.2. 


one percent. To ascertain that this amount was in- 
significant, the correlation was obtained a third time 
with the 1.30-Mev gamma-ray detector to source dis- 
tance doubled. The distribution was essentially un- 
changed. 

Two measurements of the 0.61-1.47 Mev cascade 
were made with the analyzer windows set as indicated 
by the letters C and D of Fig. 5. The experimental re- 
sults are indicated in Fig. 11. The weighted mean values 
of the coefficients, corrected for detector geometry, are 
given in Table II as correlation number (2). 

A single measurement of the 0.55-0.61 Mev cascade 
was made with the windows set as indicated by letter E 
of Fig. 5. Figure 12 shows the experimental results. 
The coefficient of the distribution is given in Table II 
as correlation number (5). A small percentage of un- 
known interfering distributions is contained in the 
listed value. 

The results of two measurements of the 0.55-1.30 
Mev cascade, with the windows set as indicated by 
letters F and A of Fig. 5, are shown in Fig. 13. One 
notes that the values of ¢ are 0.17 and 5. An estimate 
of the effect of the interfering (0.55+0.61)-1.47 Mev 
and 0.77-1.30 Mev distributions was made and sub- 
stracted to give the coefficient listed in Table IT as 
correlation number (4). 

The triple correlation, with the intermediate radiation 
unobserved, between the 0.55- and 1.47-Mev gamma 
rays, was measured twice. The values of ¢ obtained 


Taste II. Experimentally obtained coefficients of the distribution 
W (0)=1+A2P2(cos®)+A 4P, (cos). 





As 


—0.074+0.013 
—0.052+0.010 


+0.01 +0.01 





—0.011+0.008 
+0.106+0.003 
—0.039=0.008 
—0.08 +0.03 

—0.046+0.005 


0.77-1.30 
0.61-1.47 
0.55-1.47* 
0.55-1.30* 
0.55-0.61> 








* Obtained by subtraction. : 
> Contains interfering distributions. 
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were 4.3 and 0.33. Upon subtracting the interfering 
0.61-1.47 Mev radiation and correcting for detector 
geometry the coefficient listed in Table II was obtained 
as correlation number (3). 

The anisotropy of the 0.55-0.61 Mev cascade was 
measured two times. For the first determination the 
source was a dilute water solution of MgBre, while for 
the second the same source had been evaporated to 
dryness under a heat lamp. No change outside of 
statistics, was observed. 


IV. INTERPRETATION OF EXPERIMENTAL RESULTS 


Assume the ground state of even-even Kr® to have 
zero units of angular momentum and even parity, 
designated by 0(+). The measured internal conversion 
coefficient of the 0.77-Mev transition (see Table I) 
indicates that it is £2, hence the first excited state, 
i.e., level I, is 2(+-). (See Fig. 9.) 

The measured internal conversion coefficient of the 
1.47-Mev transition can be interpreted as M1, £2, M2, 
or E3. As correlation (2) of Table II has a nonzero A,, 
a spin of one unit can be eliminated from consideration 
for level II. Level II could thus be 2(+), 2(—), or 3(—). 
The measured internal conversion coefficient of the 
0.69-Mev radiation can be interpreted as either M1 
or £2. This restricts level II to a spin of 1, 2, 3, or 4 
with even parity. Hence level II must be 2(+). This 
assignment is not inconsistent with the relative intensi- 
ties of the 0.69- and 1.47-Mev radiations, predicted by 
the single particle model, as obtained from the mono- 
gram of Montalbetti.' 

The measured internal conversion coefficient of the 
1.30-Mev transition indicates that it is either M1 or E2. 
Level IV is restricted to a spin of 0, 1, 2, 3, or 4, with 
even parity. The internal conversion coefficient of the 
0.61-Mev radiation is consistent with these assignments. 
Correlation distributions (1) and (2) of Table II 
eliminate the possibility of pure radiations from any of 
these possibilities. Consider a mixture of dipole (D) 
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Fic. 11. The dashed curve represents the least squares fit of 
the 1.47—0.61 Mev cascade. The solid curve represents the 
3(D+Q)2(Q)0 transition. The run @ corresponds to a mean 
square residual ¢=0.4 while the run a corresponds to @=2.6. 


15 R. Montalbetti, Can. J. Phys. 30, 660 (1952). 
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and quadrupole (Q) components in the 1.30- and 0.61- 
Mev gamma radiations from level IV with an assumed 
spin of either 2 or 4. One finds that 6, the ratio of the 
Q to D matrix elements, is imaginary for a transition 
between these levels if A,<0. Lloyd'® states that 6 may 
be either positive or negative but must be real. Hence 
level IV cannot be either 2(+) or 4(+-). As correlations 
(3), (4), and (5) of Table II are not isotropic, level IV 
cannot be 0(+). Consider the possibility of level IV 
being 1(+). As an A, term exists in both correlations 
(1) and (2), the 1.30-Mev and 0.61-Mev radiations 
must each be a mixture of D and Q components. In 
order to evaluate 6 one can plot curves of the theoreti- 
cally predicted coefficients A, and A, as a function of 
|| or of log|6|. As 6 may be either positive or negative, 
two solutions of the A» equation exists, corresponding 
to the two values 6=0, while for the A, equation, as 6 
enters only in the square, a single solution exists. 
Figure 14 shows the solutions of the A» and A, equations 
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Fic. 12. The dashed curve represents the least squares fit to 
the indicated experimental points. The solid curve represents the 
4(D-4+0)3(D-+0)2 cascade of the 0.55—0.61 Mev radiations. 


for the 1(D+Q)2(Q)0 cascade, along with the experi- 
mentally determined coefficients of both the 1.30-0.77 
Mev and 0.61-1.47 Mev correlations. For the latter 
cascade, the value of 6, consistent with both the A» 
and A, conditions, is 6=-+0.289. 

In order to determine if the assignment of spin one 
to level IV is consistent with other experimental evi- 
dence, one must consider possibilities for level V. The 
internal conversion coefficient for the 0.55-Mev transi- 
tion allows only an £1 assignment. If level IV is 1(+), 
then level V must have a spin of 0, 1, or 2, with odd 
parity. If level V had a spin of either 1 or 2, intense 
radiations should go to levels 0, I, and II. These are 
not observed. If level IV has a spin of one then level V 
must have a spin of zero. Selection rules would allow a 
pure £1 0.55-Mev transition only. As the 6 of the 
0.61-Mev radiation has been found to be 0.289, the 
theoretical distribution function of the 0.55- and 0.61- 
Mev cascade was found to be W (@)=1+0.325P2(cos6), 


16S. P. Lloyd, Phys. Rev. 81, 161 (1951). 
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Fic. 13. The curve represents least squares fit to data obtained 
in 0.55— 1.30 Mev correlation. The run @ indicates measurements 
with @=0.17 while the run « had &=5. 


which is at variance with the experimentally deter- 
mined correlation function (5) of Table II. Hence the 
possibility of 1(+-) for level IV must be discarded. This 
rejection is consistent with the lack of a ground state 
transition, predicted by the single particle model, for 
this assignment. 

Consider the remaining possibility of level IV being 
3(+) with the radiations from that level being a D+Q 
mixture. Figure 15 shows the coefficients as a function 
of log|é| for a 3(D+Q)2(Q)0 cascade. The experi- 
mentally obtained coefficients for both the 0.77-1.30 
Mev and 0.61-1.47 Mev cascades are shown. 

The value of 6 obtained from Fig. 15 for the 0.77- 
1.30 Mev cascade is —3.975. Thus the £2 intensity 
of the 1.30-Mev transition is 15.8 times that of the M1 
component. The directional distribution, corrected for 
detector geometry, obtained using this value of 6 is also 
shown on Fig. 10. 

The value of 6 for the 0.61-1.47 Mev cascade was 
found to be —2.3. The quadrupole component of the 
0.61-Mev transition is thus 5.29 times the intensity of 
the dipole component. The distribution, corrected for 
detector geometry, for this 6 is shown in Fig. 11. 

The assignment of 3(+) to level IV is the only 
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Fic. 14. Coefficients A2* and A2~, for 6>0 and 6<0, respec- 
tively, and A, as a function of log|4|. Experimental values are as 
designated. 
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Fic. 15. Coefficients A:*+ and A:-, for 5>0 and 6<0, respec- 
tively, and A, as a function of log|é|. Experimental values are as 
designated. 


possible one that does not contradict the experimental 
evidence. 

The internal conversion coefficient of the 0.55-Mev 
transition can only be interpreted as £1. This limits 
level V to a spin of 2, 3, or 4, with odd parity. The 
absence of transitions to levels 0, I, and II eliminate 
the first two of these possibilities. Assume level V to 
be 4(—). Correlation (5) of Table II precludes the 
possibility of the 0.55-Mev radiation being pure £1. 
Assume a multipole mixture of D and Q with a value do. 
As the mixing ratio for the 0.61-Mev transition has 
been determined, it is possible, using the theory of 
mixed-mixed transition,'’ to plot the coefficients Az and 
A, as a function of log|4o| as shown in Fig. 16. The 
value of 59 obtained from this figure is —0.1539, indi- 
cating that the M2 intensity is 2.37 percent of the £1 
component of the 0.55-Mev radiation. The predicted 
distribution, corrected for detector geometry, for a 
4(D+-Q)3(D+(Q)2 cascade with the above mixtures, 
is also shown on Fig. 12. Level V, therefore, appears to 
be 4(—). 

Cross checks on the assignments made above con- 
sisted of comparing the observed 0.55-1.30 Mev and 
the 0.55-1.47 Mev directional distributions with those 
predicted using the assigned spins and mixtures. 
Reasonable agreement existed. Rose'* has developed 
the theory of mixed triple cascades with the inter- 
mediate radiation unobserved. 

The ordering of the 0.82-1.03 Mev cascade is un- 
certain. However, intensity considerations favor the 
order shown in Fig. 9. The internal conversion coeffi- 
cient of the 0.82-Mev radiation indicates that it is 1, 
while that of the 1.03-Mev radiation is either M1 or £2. 
These values require that level III be either 3(+) 
or 4(+). The intensities of the observed radiations are 
consistent with either of these possibilities. If the 
ordering were inverted, level III would need be either 
2(—) or 3(—). Low energy radiations, observed in the 


17M. E. Rose, Phys. Rev. 93, 477 (1954). 
18M. E. Rose, Oak Ridge National Laboratory Report ORNL- 
1555, 1953 (unpublished). 
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decay of Rb®,’* can be fitted into the decay scheme 
with the order shown in Fig. 9. 

If one assumes that the allowed 0.77-Mev positron 
group of the 6.3-hour Rb® decays to level V as indi- 
cated by Way et al.,"° 5(—) is the highest spin assign- 
ment that can be made for the Rb®”. 


V. NUCLEAR MODELS 


The ground-state shell-model configuration of Br® 
indicates that it should rather definitely have negative 
parity, while use of Nordheim’s weak coupling rule 
predicts a high spin. The single allowed beta group, 
observed in this work, to level V and the absence of 
other beta transitions is consistent with this inter- 
pretation. 

The energy of the first excited state of Kr® fits into 
the pattern set by the other-even nuclei surveyed by 
Goldhaber.” The ratio of the energy of level II to that 
of level I (1.92), the relative intensities of the 1.47- and 
0.69-Mev transitions, and the value of the internal 
conversion coefficient of the 0.69-Mev radiation, which 
appears to be predominately £2, are all in agreement 
with the survey of Scharff-Goldhaber and Weneser.” 
Their theoretical work shows that a splitting of the 
threefold degenerate second vibrational level is ex- 
pected as a result of coupling to the outer nucleons. 
It appears probable that levels I and II are vibrational 
in nature. One may conjecture that level III does have 
spin 4 and is one of the predicted second vibrational 
levels. The third part of the predicted triplet, with spin 
zero, would not be observed in this case, as it would not 
be excited. The energy of level IV is such that it could 
be the third vibrational level, which is fivefold de- 
generate with spins of 0, 2, 3, 4, and 6, all with positive 
parity. The facts that both radiations from this level 
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Fic. 16. Coefficients A2+ and A:~, for 5>0 and &<0, respec- 
tively, and A, as a function of log|é|. Experimental values are as 
designated. 


1 Nuclear Level Schemes, A=40—A=92, compiled by Way, 
King, McGinnis, and van Lieshout, Atomic Energy Commission 
Report TID-5300 (1955), p. 144. 

* G. Scharff-Goldhaber, Phys. Rev. 90, 587 (1953). 

(1985) Scharff-Goldhaber and J. Weneser, Phys. Rev. 98, 212 
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are predominantly £2 and that the lower energy 
transition is more intense than the high, are both pre- 
dicted by this interpretation. 

Level V could be a single particle excitation of the 
ground state configuration. 

As the ground-state configuration of Kr® is subject 
to so many possible couplings to form excited states, 
many shell-model interpretations may be given. 
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The neutron cross section of Xe as a function of energy 
was measured, using as velocity selector a focusing-type single- 
crystal spectrometer designed for transmission measurements 
of very small samples. The total cross section in the energy 
interval from 0.015 ev to 0.20 ev was measured. The samples, 
produced from neutron irradiated uranium metal, were in the 
form of PdI, and were contained in sealed Pyrex capillary tubing. 
The largest initial strength of the samples was 10 curies of I'* 
activity, corresponding to 12X10" atoms of I. The daughter 
Xe! grew from the I'* as a known function of time, reaching a 
maximum value of about 5X10" atoms of Xe" 11.3 hours after 
the I'55 begins to decay. In the absolute assay of sample strengths, 
absolute 8 counting of pure I'* samples, and 8-y coincidence 
counting of pure Xe" samples served as primary standards. Hard 
gamma rays from I'* served as a secondary standard. The total 
cross section of one entire sample of Xe was of the order of 1.5 
square millimeters. The transmission of the sample was measured 
during the period of growth and decay of the Xe. The radioactive 


INTRODUCTION 


HE cross section of Xe'® is of interest for both 
fundamental and applied reasons. (1) It is of 
interest from the point of view of nuclear structure. 
The cross section of Xe'* is the largest known neutron 
cross section. The value of wr? at the peak of the reso- 
nance, which was first characterized by this work, is 
approximately 7.5 10~'* cm*. The total cross section 
at resonance is about 0.1 of the maximum possible 
theoretical limit, 42X?. The capture cross section at 
resonance is about 0.4 of its maximum possible theo- 
retical limit, wA?. If the spin of the target nucleus is 
taken into consideration, then the capture cross 
* Now at Naval Research Laboratory, Washington, D. C. 
t Now at Westinghouse Research Laboratories, East Pittsburgh, 
Pennsylvania. 
t Now at Glenn L. Martin Aircraft Company, Baltimore, 


Maryland. 
Now at Brookhaven National Laboratory, Upton, New York. 
Now at Chemstrand Corporation, Decatur, Alabama. 


sample was placed inside the shield of the ORNL graphite reactor. 
A thermal beam of neutrons from the reactor was allowed to pass 
longitudinally through the sample along the axis of the capillary 
tube onto the quartz crystal spectrometer. The desired energies 
were selected by use of the Bragg reflection law, \=2d sin@. A 
resonance in the cross section of Xe!*> was discovered at 0.085 ev. 
The total cross section measurements were fitted to the single- 
level Breit-Wigner formula equally well with the following two 
sets of parameters: g=}, Eo=0.0851+0.0011 ev, I',.°=0.0305 
+0.0008 ev, I’, =0.0828+0.0031 ev; g= 3, y= 0.0849+0.0010 ev, 
T’,°=0.0182+0.0005 ev, ',=0.0942+0.0032 ev. Eo is the reso- 
nance energy, I’,° is the neutron width at resonance, I'y is the 
gamma ray width of the level, and g is the statistical weight factor. 
The factor g has two possible values because the spin of the 
compound state is not known. The capture cross section at 
resonance for state with g=} is 55% of the theoretical maximum 
possible, and the corresponding capture cross section for the state 
with g= 3 is 80% of the theoretical maximum value. 


section at resonance is very close, indeed, to its maxi- 
mum possible theoretical limit grX?, in which g is the 
statistical weight factor, since g for Xe'*> probably has 
the value either ? or 3. The cross section of Xe" is of 
interest, also, because the Xe'*® nucleus consists of 54 
protons and 81 neutrons, needing one neutron to 
become a magic number nucleus. (2) It is a fission 
product poison of such large cross section that it 
affects markedly the operating characteristics of chain 
reactors. Knowledge of the cross section of Xe!® as a 
function of energy is useful in the design of nuclear 
chain reactors to be operated at various temperatures. 

The existence of a fission product with a very large 
cross section was discovered by Fermi and Wheeler in 
the startup of the first Hanford reactor about the end 
of 1944. From the dynamic behavior of the pile, they 
deduced that the cross section for pile neutrons was 
roughly 4X 10~' cm’, and was associated with a half-life 
of about 9 hours. This value of the half-life suggested 
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Xe"*5 as the strong absorber. Following these observa- 
tions an intensive effort was made by several groups of 
workers at different reactors to repeat the measurement 
of the average cross section from the dynamic pile 
behavior for the neutron energy spectrum of each of the 
respective reactors,' while several other groups meas- 
ured the average capture cross section for isolated 
samples of Xe"* by the method of negative activation.! 
These efforts were followed by the measurements of 
the total cross section of isolated samples of Xe" as a 
function of energy which are described in this report. 
This work was completed in 1948.? 

In the work described in this report, a focusing-type 
single-crystal spectrometer designed for transmission 
measurements of very small samples was used. Each 
sample was produced from 7 kilograms of uranium 
metal which had been exposed to neutrons in the 
ORNL graphite reactor for 20 hours. The samples were 
in the form of PdI,, and were contained in sealed Pyrex 
capillary tubing. The largest initial strength of the 
samples was 10 curies of I activity, corresponding 
to 12X10" atoms of I**. The daughter Xe! grew 
from the I'** as a known function of the time, reaching 
a maximum value of about 5X10'* atoms of Xe" 11.3 
hours after the I'** begins to decay. In the absolute 
calibration of the cross-section measurements, absolute 
8 counting of pure I'** samples, and §-y coincidence 
counting of pure Xe’ samples served as primary 
standards. The transmission of the sample was measured 
during the period of growth and decay of the Xe. The 
radioactive sample was placed inside the shield of the 
ORNL graphite reactor. A thermal beam of neutrons 
from the reactor was allowed to pass longitudinally 
through the sample along the axis of the capillary tube 
onto the quartz crystal. The desired energies were 
selected by use of the Bragg reflection law, \= 2d siné. 
The total cross section in the energy interval from 
0.015 ev to 0.20 ev was measured. A resonance in the 
cross section of Xe'*® was discovered in the thermal 
energy region. This resonance was described by the 
Breit-Wigner constants given below. 

Recently (1954),? the dependence of the cross 
section Xe'** on energy was measured by another group 
of workers at the Oak Ridge National Laboratory 
using completely different chemical and physical 
techniques. The sample consisted of 500 curies of 
Xe gas procured from a recently constructed 
homogeneous reactor. (These gaseous samples con- 
tained fully 50 times as many Xe" atoms as the Pdl, 
samples in our experiment of 1948.) The transmission 


1 Borst, Jones, Nordheim, Slotin, and Soodak (unpublished) ; 
Elliot, Knight, Novey, and Shapiro (unpublished); Freedman, 
Turkevitch, Adams, Sugarman, Raynor, and Stang, J. Inorg. 
Nuclear Chem. (to be published); Pardue, Moak, Levy, Wollan, 
and Meiners (unpublished). 

2 A detailed report of this work is given in the Physics Division 
Quarterly Report of December, 1948, Oak Ridge National Labora- 
tory report ORNL-325 (unpublished), pp. 6-71. 

* Smith, Pawlicki, and Thurlow (to be published). 
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measurements were taken using a newly constructed 
mechanical neutron chopper which permitted a quicker 
accumulation of data over a greater range of energies 
than did the crystal spectrometer. The absolute cali- 
bration of the cross section was based upon the number 
of long-lived Cs'** atoms left in the sample after all the 
Xe atoms had decayed. The results of this effort, 
described in a separate paper,’ agree closely with the 
work described here. 


PREPARATION OF XENON-135 


The iodide of palladium was chosen as the substance 
to be placed in the neutron beam as the source for 
xenon. Its advantage over other insoluble iodides, 
as was recognized by Borst‘ and others, consisted in 
that palladium has a lower neutron cross section than 
have other metallic ions. It was soon found that 
palladium iodide varied in its capacity to retain the 
xenon depending on its mode of formation. By studying 
the dependence of retentivity on various factors such 
as particle size, crystallite size, surface area, it was 
found possible so to adjust the concentrations, tem- 
perature, and rate of cooling that adequate retentivity 
could be achieved. Under the conditions finally adopted, 
the palladium iodide was anhydrous, free of hydro- 
genous material, in crystallites about 1000 A diameter, 
gathered into particles about 1» in diameter. Curiously, 
the particle size could be made to vary over a consider- 
able range without appreciable change in size of the 
crystallites. However, the retentivity improved 
markedly with increased particle size. 

Again following Borst, but with considerably greater 
degree of control, it was decided to separate fission 
iodine from the metallic uranium slugs as gaseous 
elementary iodine. The uranium irradiated in the pile 
twenty hours was quickly decoated and dissolved in 
hydrochloric acid. At this stage, the iodine was in the 
form of iodide and the uranium in trivalent and 
quadrivalent forms. By adding oxidizing agent, a 
solution of lithium dichromate, in potentiometrically 
controlled quantities in the presence of ferrous and 
ferric sulfate, a gradual and almost complete trans- 
formation of iodide into elementary iodine was effected. 
The iron sulfates acted as catalysts for the oxidation 
of the uranium ions and also as an oxidation buffer 
which guaranteed under easy potentiometric control 
that the iodine itself would not be oxidized further and 
would thus appear in the gaseous state. The iodine was 
then distilled over into a solution of palladium chloride 
containing acid and sulfur dioxide. The latter reduced 
the iodine to iodide and by forming a complex with 
the palladium iodide kept it in solution. Upon boiling 
off the sulfur dioxide and cooling slowly, the palladium 
iodide precipitated and acquired the property of 

4 The first preliminary work to prepare a sample of Xe'® for 
spectrometer transmission studies was done by L. B. Borst at 


the Oak Ridge National Laboratory in 1947 (private communi- 
cation). 
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retaining xenon. The precipitate was centrifuged, 
filtered into the capillary tube, washed free of water 
with alcohol and ether, and finally washed free of these 
hydrogenous substances with perfluorotriethylamine. 

All these operations were carried out in a concrete 
cell under remote control to eliminate health hazard. 
During the dissolution of the uranium slugs, the 
radioactivity of all the fission products amounted to 
several thousand curies. A detailed description of the 
technology may be published elsewhere. 


EXPERIMENTAL ARRANGEMENT 


The entire experiment was designed on the basis of a 
sample only one square millimeter in cross-sectional 
area. Such a sample was very small, indeed, even for 
the “intense” neutron beams available from the ORNL 
graphite reactor, the first chain reactor operating at 
appreciable power. The crystal spectrometer used for 
the work was an old x-ray spectrometer which had 
been adapted for use with neutrons. It was of the 
(approximately) focusing type. Focusing action at a 
given energy was obtained by varying the curvature of 
the crystal by exerting a torque upon it by means of 
adjusting screws. A focusing-type spectrometer is well 
suited to the use of very small samples, since the sample 
may be placed at the position of the “point” source of 
neutrons, and the detector at the “point” image. The 
design and operating characteristics of the spectrometer 
have been described previously.° 

A schematic diagram of the arrangement of neutron- 
beam collimator, sample, and detector is shown in 
Fig. 1. The point source was procured by means of the 
long hour-glass-like graphite collimator shown. The 
beam originates deep inside the pile where the neutron 
flux was about 10” neutrons per cm? per second. The 
collimator converges uniformly from an initial cross 
section of 4 inchesX4 inches to a diameter of 3 inch 
at the point S, four feet inside the outermost face of the 
pile shield. A 1.52-mm bore sealed Pyrex capillary tube 


5 Bernstein, Borst, Standford, Stephenson, and Dial, Phys. Rev. 
87, 487 (1952). 
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containing the sample is placed at S so that its axis 
coincides with that of the collimator. The minimum 
cross-sectional area of the neutron beam is defined 
at the sample by the three-inch length of the Pyrex 
capillary wall. After passing through the sample, 
the beam diverges again until it strikes the crystal, 
which focuses it upon the detector slit. The crystal 
is a 5 inchX1 inchX1 mm quartz crystal whose 
5 inchX1 inch surface was ground parallel to the 100 
planes. 

Actually two identical capillaries were used. A very 
accurately constructed sample-shifting device, operated 
at the pile face, was capable of alternately placing first 
the sample containing tube, then an equivalent empty 
tube, in identically the same position in the neutron 
beam. The transmission of the sample is given by the 
ratio of the counting rate through the sample-containing 
tube to the counting rate through the empty tube. 

The energy spectrum of the neutrons being emitted 
from the pile is roughly that of a Maxwell distribution 
corresponding to a temperature of about 520°K. A 
beam of a given energy was selected by use of Bragg’s 
law, \=2dsin@, which, for reflections from the 100 
planes of quartz becomes: 


E= (1.136 10-*)/sin’6, (1) 


in which E is the neutron energy in ev, and @ is the 
glancing angle in degrees. The detector used was a 
BF; proportional counter enriched in the isotope B". 
The maximum counting rate was about 6000 counts per 
minute at about 0.06 ev. The most favorable count to 
background ratio of 180 was achieved at 0.05 ev. The 
lower energy limit of usefulness of the instrument of 
about 0.02 ev was determined by the increasing amount 
of higher order reflection as the energy decreases. The 
upper energy limit of usefulness is determined by the 
rapid decrease of the number of neutrons in the Maxwell 
distribution at energies greater than that of the most 
probable energy, and by the increase of the background 
at smaller glancing angles, or greater energy. 
Transmission measurements were made as a function 
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of energy from 0.015 ev to 0.20 ev. In addition, the 
average total cross section for the neutrons of the 
continuous energy distribution having energies below 
the energy of the Cd cutoff was measured with the 
fission chamber in the direct beam (shown in Fig. 1) 
by taking fission counts with and without cadmium 
surrounding the fission chamber. 

The energy scale of the spectrometer was calibrated 
in terms of its angle readings by the following procedure. 
The transmission of a BF; absorber was measured as a 
function of energy on both sides of the direct beam. 
The reading of the spectrometer angle scale corre- 
sponding to zero scattering angle is then given by the 
average of two scale readings corresponding to equal 
values of the transmission measured on opposite sides 
of the direct beam. The energy scale calibration using 
the boron absorber was done for each individual xenon 
sample independently. The “zero” determination was 
checked also by repeating the procedure using the 
peak of the 0.176 ev resonance in Cd on both sides of 
the beam, and also scale readings corresponding to 
equal values on both sides of the direct beam of the 
transmission of Cd on the rapidly descending portion 
of the Cd cross section vs energy curve at energies 
greater than the resonance energy. 

Previous experience with the spectrometer’ had 
demonstrated that the resolving power of the instrument 
was very adequate for the determination of line shapes 
in the thermal energy region. 


ANALYSIS OF THE DATA 


The samples were in the form of anhydrous palladium 
iodide, with Pd(I'**), contained in PdI, carrier material. 
The Xe grows from the I"** according to the relation 


N2=Nif(d), (2) 


At 
fO= (eo — es). (3) 
hed 


where 


Here N;, is the number of Xe"* atoms present in the 
sample at time ¢, V;° is the number of I'** atoms present 


oo ©. 6.00 
TIME AFTER Xe°° IS TRAPPED (hr) : 


. Calculated growth and decay of Xe from I. 
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in the sample at time zero. (There are no Xe atoms 
present at time zero.) \i,A2 are the transformation 
constants of I'*® and Xe'*®, respectively. The relation 
(2) describes the growth of the daughter substance 
from the parent by simple decay. In this case, about 
25 percent of the I'** atoms decay to the 9.2-hour Xe!** 
level via an isomeric state of about 15 minutes half-life. 
Since 15 minutes <9.2 hours, the fraction of Xe'* 
atoms existing in the isomeric state at any given time is 
negligibly small. A plot of (N2/N,°) vs t, calculated from 
(2), is given in Fig. 2, taking the half-lives of I'** and 
Xe! to be 6.7 hours and 9.2 hours, respectively. 

The transmission, 7, of the sample is given by 


T= (T)[T2(1)], (4) 


in which 7; is the transmission of the carrier material 
and is constant in time, and 7,(¢) is the transmission 
of the Xe'** which is given by 


T2 = exp[ — Ni f(Ooxe], (5) 


in which ox, is the cross section per atom of Xe!®, In 
(5), Ni° should, of course, enter as the number of 
atoms per cm? of sample. 

If, then, the natural logarithm of the transmission 
is plotted as a function of f(#), a straight line should be 
obtained whose slope is proportional to the product of 
the strength of the sample and the cross section of Xe". 
For a given sample the ratio of the slopes of the lines 
for the various energies gives the relative values of the 
cross sections at these energies. For the same energy 
value but for different samples, the ratio of the slopes 
is proportional to the relative strengths of the samples. 
The intercept of the straight line plot (In7) vs f(t) on 
the vertical axis is proportional to the total cross 
section of carrier material. The values of f(#) were 
calculated on the assumption that the half-lives of 
I> and Xe"*® were 6.7 hours and 9.2 hours, respectively, 
and that the “zero” time of Xe growth, or the time of 
“entrapment”’ of the Xe gas in the sample was well 
defined and known with sufficient accuracy. The half- 
lives of I'** and Xe"** were measured during the course 
of the work, and found to have the values given above 
to an accuracy of 1%. Auxiliary experiments showed, 
also, that an “effective” zero time could be defined 
in the program of chemical operations which served very 
well in describing the growth and decay of the Xe!* in 
accordance with (2). 


SAMPLE ASSAY 


Seven samples of Xe'*® were used for transmission 
measurements. Measurements of the absolute number 
of Xe'* atoms were made on two of the samples. The 
relative strengths of the remaining five samples were 
determined in terms of the two from the neutron 
measurements, in the manner described in the preceding 
section, and from least squares fitting of the data to the 
Breit-Wigner formula, as discussed below. The number 
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of Xe'** atoms in each of two samples was determined 
from an ionization chamber measurement of the gamma 
radiation emitted by the source which penetrated a 
4-inch lead absorber. These measurements were started 
approximately 40 hours after precipitation of PdI: after 
all neutron transmission measurements had been made, 
and, hence, essentially all radioactive species except 
Xe! Kel}, Kelsim Kelsim iss T13 and [ had 
decayed. Of these isotopes, only I'** and I'* decay with 
the emission of appreciable amounts of energetic gamma 
radiation and, hence, the decay curves had only two 
components corresponding to the half-lives of I 
and ['%, 

The relation between ionization current which 
decayed with the 6.7-hour half-life of I'* and the 
number of I'** atoms was determined by two 
independent methods. In one method, a high purity 
I'* sample was measured in the standard ion chamber 
position and an aliquot was beta counted in a counter 
with calibrated geometry. In the second method, after 
a definite growth time all of the xenon daughter was 
collected from a pure I'** source which had been 
measured in the standard ion chamber position. The 
absolute disintegration rate of the Xe'*® sample was 
determined by beta-gamma coincidence counting. 

The two calibration procedures agreed within 
counting statistics to give a standard deviation of 1% 
in the disintegration rate-ionization current ratio. 
Combination of this calibration error with other errors 
resulting from uncertainties in the I'** and Xe" decay 
constants, in the Pdl, precipitation time and in the 
correction for nonlinearity of the ionization chamber 
response gives a standard deviation of about 2.0% in 
the number of Xe'** atoms at the time of the neutron 
absorption measurements. 

The results of these measurements were that N;,° for 


TIME (hr) 


Sample I was (5.85+0.12)X10", and N,° for Sample 
IV was (12.6+0.2) X10". 


EXPERIMENTAL RESULTS 


The transmission of the sample, of course, decreases 
as the amount of xenon increases. The growth and decay 
of the Xe is clearly shown by the data represented in 
Fig. 3, the transmission of Sample ITI for Cd absorbable 
neutrons as a function of time. Similar plots of trans- 
mission vs time for several discrete energies are given 
in Fig. 4 for Sample III. The value of the asymptote 
to each of the curves in Fig. 4 is the transmission of 
the carrier. The total transmission of carrier plus 
xenon at any time, the transmission of the xenon only, 
and the carrier transmission are related by expression 
(4), from which the transmission of the xenon alone 
can be procured. From Fig. 4, it can be seen immediately 
that the cross section of Xe'*> at 0.03 ev, 0.08 ev, and 
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Fic. 4. The transmission of xenon Sample III vs time 
for several values of the neutron energy. 
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0.12 ev are very roughly equal, and that the cross 
section at 0.20 ev is considerably smaller. The minima 
in Fig. 3 and Fig. 4 come at values of the time close to 
the time at which the number of Xe atoms is a 
minimum. 

A plot of the natural logarithm of the transmission 
vs the calculated relative number of xenon atoms is 
shown in Fig. 5, for Sample VI, using the Cd absorbable 
thermal neutron beam detected by the fission chamber. 
The solid straight line is a least-squares fit to the data 
using expressions (4) and (5). The good fit of the 
calculated line to the data suggests that the zero time 
used for the Xe growth and the half-lives given above 
are correct, and that the sample did not leak 
appreciably. 

Plots of In7’, vs relative number of Xe'* atoms, f(é), 
are shown in Fig. 6 for Sample III at 0.08, 0.03, 0.12, 
and 0.20 ev. The straight lines drawn through the data 
are again the least-square fits to the data using (4) 
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Fic. 6. Logarithm of the transmission vs relative number of 
Xe! atoms for several values of energy. The relative cross 
sections per atoms of Xe are given by the relative slopes of the 
lines. (Sample IIT.) 


and (5). It can be seen from qualitative inspection of 
the slopes of the lines of Fig. 6 that the cross section 
per atom of Xe" decreases in the order of energies 
0.08 ev, 0.03 ev, 0.12 ev, and 0.20 ev. 

All told, transmission measurements were made at 
4 or 5 values of the energy on seven samples of Xe. 
All of the data for each of the runs were plotted as 
shown in Fig. 5 and Fig. 6, and fitted by an established 
least squares routine to obtain the most probable 
values of the slopes of the straight lines, their intercepts 
with the y-axis, and the standard deviations of each of 
the slopes and intercepts. 


FITTING TO BREIT-WIGNER FORMULA 


The data were fitted by the theory of least squares 
to the Breit-Wigner single level resonance formula for 
the total cross section for slow neutrons: 

bg 
o.= phen? Meter (6) 
T?4+4-4(E— Ey)? 
in which I’, is the neutron width of the level, I the 
total width, Ey the resonance energy, g the statistical 
weight factor, X the neutron wavelength divided by 
2x, E the neutron energy. We have 


l= (E/Ey)'T,’, (7) 
r=T,+T,, (8) 
g= (2J+1)/[2(27+1)], (9) 


where I’,° is the value of I, at E= Zo, and I, is the 
gamma-ray width of the level. J is the total angular 
momentum quantum number of the target nucleus. J is 
the total angular momentum quantum number of the 
compound nucleus, and has the two possible values 
J=I+4, J=I—}4. Available information® suggests that 


®S. Thulin, Phys. Rev. 94, 734 (1954). 
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TABLE I. Cross section vs energy. 








@ X10!8, cm? o X10!8, cm? 
Sample  &E, ev a (g =%) (g =8) 


I 0.0293 0.877+0.026 
0.0578  1.025+0.014 
0.141 0.378+0.017 
0.188 0.104+-0.023 
0.0292 0.665+0.017 
0.0576 =0.774+0.015 
0.0951 0.750+0.014 
0.0294 1.80 +0.02 
0.0770 1.97 +0.02 
0.115 1.45 +0.03 
0.189 0.398+0.023 
0.0304 
0.0609 
0.0814 
0.102 
0.123 
0.0301 
0.0802 
0.101 
0.121 
0.150 
0.0303 
0.0606 
0.153 
0.205 
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0.344+0.019 
1.40 +0.03 
1.72 +0.02 
0.541+0.033 
0.253+0.040 


0.0153 
0.0308 
0.0453 


0.765+0.015 
0.719+0.017 
0.779+0.013 


75 +0.13 
59 +0.12 
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81 +0.12 


0.105 0.721+0.017 60 +0.12 








the spin of Xe!** is }. Therefore, g has the two possible 
values, 2 or &. 

In the least square analysis, the values of Eo, I’,’, 
r,, and N,° for Samples II, III, V, VI, and VII, were 
determined by minimizing the function: 


7 Ke fZ(E,) 2 
s=v¥ «| — —o( Eur at)|, (10) 


r=1 i=l ‘ 


in which Z(£,) is the experimentally determined 
relative cross section at energy E;, w; is a weighting 
factor, J, is the value of N,° for Sample r, and a is the 
Breit-Wigner function (6). The minimizing equations 
of the function S(£o, T,.°, Ty, Ji, Im, I'v, Iv1, Jvix) were 
solved by a standard iterative procedure.’ The mini- 
mizing equations were expanded in a Taylor series. 
Second derivative and higher terms were neglected. 
The resulting set of eight equations in eight unknowns 
were solved for corrections to the initial estimates of 
the set of constants to be determined. Since the weights, 
w;, depend upon the variances of the /,’s, new estimates 
of the weights were calculated along with corrections 
to the constants. The procedure was repeated until 
further iteration produced no further change in the 
constants or their variances. The procedure was 
programmed and computations were carried out on the 
ORACLE, under the direction of N. M. Dismuke. 
The data and some results of the least square analysis 
are given in Table I. Column 1 is the sample number. 


7F. Garwood, Biometrika 33, 46-58 (1941, 1942). 
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Column 2 gives the energies at which the transmission 
was measured. Column 3 gives the values, a, of the 
slopes of the straight lines, InJ vs f(t), which are 
proportional to (¢N,°). Column 4 gives the values of 
the cross section o, for g=%, and column 5 gives the 
values of o for g=}. The uncertainties in all the entries 
in Table I are the standard deviations determined from 
the last squares analysis. 

The values of N,°, the total number of I'** atoms 
initially present in the samples, are given in Table II. 
The values of N,° for Samples I and IV are derived 
from the absolute assay measurements. The values of 
N° for the remaining five samples, determined from 
the least square analysis, are given for g=$ and g=3. 
The uncertainties given are again the standard devia- 
tions. The separate sets of o’s for g=} and g=$ in 
Table I, come about because the values of N° for 
Samples I, III, V, VI, and VII depend upon the value 
of g used in the analysis. The values of o for Samples I 
and IV are, of course independent of the value of g. 

The least-squares analysis showed that the data 
could be fit equally well with either of the two following 
sets of parameters: 


g=3: 
Ey= (0.0851+0,.0011) ev, 


’,°= (0.0305-+0.0008) ev, 
I'y= (0.0828+0.0031) ev, 


Ey= (0.0849+-0,.0010) ev, 
l’,°= (0.0182+0.0005) ev, (12) 
I’, = (0.0942-+0.0032) ev. 


The sums of the squares of the deviations of the data 
from the analytic functions were closely the same for 
both sets of parameters. The uncertainties given for the 
parameters are the standard deviations. 

The data for all seven samples are summarized in the 
form of a plot of the total cross section, a, vs the energy, 
E, in Fig. 7. Some average relative standard errors in 
the values of the cross section derived from a single 
sample, taking into account the neutron counting 
data only, are: 2% at 0.03 ev, 2% at 0.1 ev, 5% at 
0.15 ev, and 14% at 0.20 ev. The increase in the error 
at the two higher energies is due to the great decrease 
in the number of incident neutrons in the Maxwell 
distribution at these energies and the limited amount of 


TABLE II. Sample strengths. 








Sample 


Nie =#) 


Nig =4) 





I 

II 
III 
IV 
V 
VI 
VII 


(5.85+0.12) x 10" 
(4.62+0.27) x 10% 
(12.3 +0.5)x 10" 
(12.6 +0.2)x 10" 
(6.85+0.26) x 10" 
(9.91+0.68) x 10" 
(5.03+0.20) x 10" 


(5.85+0.12) x 10% 
(4.61+0.25) x 10" 
12.9 +0.5)X 10" 

12.6 +0.2)x 10" 

(7.1740.25) x 10'* 
(9.95+0.65) X 10'* 
(5.00-+0.19) x 10" 


( 
( 
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time available for measurements during the life of a 
single xenon sample. The error in ¢ is increased because 
of the error in the sample assay. Average relative 
standard deviations due to both the neutron measure- 
ments and the assay are: 4% at 0.33 ev, 5% at 0.10 ev, 
6% at 0.15 ev, and 15% at 0.2 ev. These average 
standard deviations are shown in Fig. 7. The solid 
curve of Fig. 7 represents the least squares Breit- 
Wigner fit to the data, using the set of parameters (11) 
for g=}. 

A plot of cE! vs E is shown in Fig. 8. The points of 
Fig. 8 represent all of the transmission measurements 
made at the various energies for all seven samples. 
The absolute values of o, the cross section per Xe!** 
atom, used in Fig. 7 and Fig. 8, are those listed in 
Table I, which are based upon the absolute assays of 
Samples I and IV, and the sample strengths of the 
remaining five samples as determined from the neutron 
transmission measurements in the least squares fitting 
of the data to the Breit-Wigner curve. The solid curve 
again represents the least-squares fit of the Breit- 
Wigner single level resonance formula to the data, 
using the set of parameters (11) for g=?. 

The mean value of the xenon total cross section for 
the Cd-absorbable neutrons of the thermal energy 
distribution of the reactor as determined from the 
fission chamber measurements is 2.6 10° barns. This 
average value of the thermal cross section should be 


good statistically to several percent. The energy 
distribution of neutrons in the Oak Ridge graphite 
reactor corresponds, below the Cd cutoff energy, to a 
Maxwell distribution of temperature of about 520°K. 
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Fic. 7. Total cross section of xenon vs energy for all seven 
samples. The typical standard deviations shown include errors 
due to both neutron measurements and sample assay measure- 
ments. The values shown are based on the absolute assays of 
Samples I and IV. 
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Fic. 8. cE vs E for all seven xenon samples. The absolute values 
are based on the absolute assays of Samples I and IV and the 


relative sample strengths as determined from the neutron trans- 
mission measurements. 


Using the Breit-Wigner parameters derived from our 
data, the average total cross section for such a distri- 
bution is calculated to be 2.4X10~"* cm’. 

The capture cross section, o-, is given in terms of the 
total cross section, o;, by the relation 


o-=o,/T. (13) 


Using the sets of parameters (11) and (12), for g=§ the 
capture cross section at resonance is 55% of its maxi- 
mum possible value, grXo, where Xo is the value of X 
at E=E. For g=3, the capture cross section is 80% 
of its maximum possible theoretical value. 

The potential scattering, 4rR’, is quite negligible 
in all of the above considerations. Also, in the analysis 
of the data described above, no corrections were made 
for Doppler broadening of the resonance line. 
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A study of the beta and gamma spectra of the nuclide Ni® has been made. This isotope decays by a single 
beta ray of 0.20+-0.03 Mev, with no associated gammas, to the ground state of Cu®*. Both the log(f#) value 
and the shape of the Kurie plot indicate that this transition is allowed, thereby confirming the earlier spin 
and parity assignments of the ground state of Cu®*, and the 1.03-Mev excited level in Zn®. 





I. INTRODUCTION 


HE nuclide Ni® has been observed to decay with 

a 56-hour half-life. Absorption measurements 

of its radiation have indicated the presence of a beta 

particle of about 0.30 Mev.* A more thorough study of 

the beta and gamma spectra of Ni® is reported in this 
paper, and a decay scheme is proposed. 


Il. EXPERIMENTAL 


Sample Production, Chemical Separations, and 
Half-Life Determinations 


High-energy proton fission of uranium was used to 
produce Ni® for these experiments. A natural uranium 
target was bombarded with 340-Mev protons in the 
University of California 184-in. cyclotron for two hours 


and then set aside to cool for one day. It was dissolved 
in HNO; and the uranium extracted with tributyl 
phosphate. After evaporation of the aqueous phase and 
its conversion to 1M HCI solution, about 5 mg of carrier 
Ni was added and precipitated by dimethylglyoxime. 
The precipitate was dissolved in 1 ml of concentrated 
HNO; and boiled to destroy the dimethylglyoxime. In 
succeeding steps carrier Ag* was added and precipitated 
as AgCl, carrier Cut*+ and Pd**+ were precipitated as 
the sulfides from a weak HNO; solution, the H2S was 
expelled by boiling, and Fe(OH); was precipitated from 
a strongly ammoniacal solution. The nickel was again 
precipitated by dimethylglyoxime and the entire pro- 
cedure repeated. To further assure the purity of the 
nickel activity, a one-ml concentrated HCl solution 
of the activity was passed through an ion exchange 
column of Dowex-1 (X-10; 100-200 mesh) and eluted 
with 10N HCl. 

Cu®, the daughter of Ni®*, is known to decay with a 
5.2-minute half-life.*-’ After separation of pure nickel, 
several minutes were allowed for the Cu® activity to 
again approach its state of secular equilibrium and the 


+ This work was supported by the U. S. Atomic Energy Com- 
mission. 

1 R. H. Goeckermann and I. Perlman, Phys. Rev. 76, 628 (1949). 
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solution was then passed through a Dowex-1 column. 
A small portion of the resin from the top of column 
(copper adsorbs strongly from conc. HCI solution) was 
removed and counted in a Geiger-Mueller counter. 
The activity decayed with a 5.2+0.1 minute half-life 
which, after about 10 half-lives, tailed off into a long- 
lived background of very low activity. This is definite 
proof for the presence of Ni®. 

Using a Geiger-Mueller counter, the decay of the 
nickel activity was followed through eleven half-lives 
and in the case of the most highly purified samples was 
found to yield a single straight-line component. The 
resulting half-life was 55.1+1.0 hours which is in com- 
plete agreement with the previously reported values.’ 


Gamma and Beta Spectra 


The gamma spectra were taken with a single-channel 
pulse-height analyzer employing a Nal crystal. Since 
all spectra involve Cu® in a state of secular equilibrium 
with the parent Ni®, it was necessary to place a 1.59- 
gram/cm? aluminum absorber between the sample and 
the Nal crystal to absorb the high-energy Cu® beta 
background. Figure 1 shows the spectrum obtained. 
The 1.03+0.02 Mev peak is the well-defined gamma 
of Cu®*.5-? The intense low-energy portion of the curve 
appears to be due to bremsstrahlung since both its 
location and intensity change with a change in the Z 
of the absorber. The 1.54-Mev component, the small 
0.51-Mev peak, and other small peaks which appeared 
after considerable decay of Ni®* had taken place are 
attributed to small amounts of long-lived impurities. 
In a given sample, they remained at almost a constant 
intensity over a period of several days, but after several 
more cycles of repurification, they were considerably 
reduced. The shoulder at 1.34 Mev contains both the 
Compton peak of the 1.54-Mev group and the radiation 
from some other shorter-lived impurity. This was 
probably Ni®’, as was indicated by an increase in the 
apparent peak to Compton ratio with continued decay. 

No gammas were observed which could be identified 
with the 55.1-hour Ni®*. From Fig. 1 it is possible to 
say that any gammas involved in the Ni® decay have 
an intensity less than 10% of that of the 1.03- 
Mev group. Both Friedlander and Alburger® and 
Roderick, Meyerhof, and Mann® have found that 
less than 10% of the Cu® betas go to the 1.03-Mev 
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Fic. 1. The gamma spectrum of Ni® and Cu® in a state of 
secular equilibrium. Se”, Cs’, and Na® were used for cali- 
bration. 


excited level of Zn®. Consequently, the gamma emission 
for Ni® is set as less than 1% of the intensity of 
its 0.20-Mev beta. Booth and Roberts® have also failed 
to find any gammas for Ni®, setting limits of 0.24<E, 
<3.0 Mev. 
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Fic. 2. Kurie plot of the beta spectrum Ni® and Cu®. £ is 
the energy in Mev and F is the allowed Fermi function. 


§N. E. Booth and D. T. Roberts, Proc. Roy. Soc. (Canada) 
48, 29A (1954). 
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The same single-channel pulse-height analyzer unit 
was used for the beta spectra. Anthracene crystals 
served as the scintillator. The nickel samples consisted 
of thin layers of the chloride or the nitrate deposited 
on polystyrene film. The high level of activity present 
made it possible to obtain good statistics on each point 
in a relatively short counting time. 

A Kurie plot of the beta spectrum is shown in Fig. 2. 
Three beta groups were observed having end-point 
energies of 2.63+0.03, 1.64+0.03, and 0.20+0.03 
Mev. The 2.63-Mev and 1.64-Mev betas are associated 
with Cu® and have been previously studied in some 
detail by Friedlander and Alburger’ and Roderick, 
Meyerhof, and Mann.* There were some indications 
for a beta group at 0.77 Mev. The shape of the plot 
remained unchanged after several more cycles of puri- 
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Fic. 3. The decay scheme for the isobaric triplet 
Ni®-Cu®-Zn®. 


fication, thus indicating that this component is not the 
result of an impurity. However, such a beta is not 
compatible with the gamma spectrum of Fig. 1 and the 
existing information on the decay of the nickel activities. 
We therefore feel the explanation given by Roderick, 
Meyerhof, and Mann* for a similar group observed in 
their work is correct. They attributed it to source 
thickness and inelastic backscattering from the an- 
thracene crystal. 

The low-energy component of 0.20+0.03 Mev is 
assigned to Ni® and presumably corresponds to the 
0.30-Mev beta previously reported from absorption 
measurements.*? No other group was observed which 
may be associated with this activity. Furthermore, 
by using the limits set on gamma emission and ruling 
out the possibilities of a highly internally converted 
gamma ray and of a long-lived Cu® isomer, it is possible 
to set an upper limit of 1% for beta branching. 





DECAY OF 


Il. DISCUSSION 


Ni® is an even-even nucleus and therefore a spin and 
parity of 0+ can be assigned to its ground state. Using 
Moskowski’s nomograph’ for ft values, the log(ft) for 
the 0.20-Mev beta decay is 3.96, indicating an allowed 
transition. That this transition is allowed is also shown 
by the shape of the Kurie plot. As the Gamow-Teller 
selection rules forbid 0-0 transitions and since the 
spectra indicate only a single beta and no gammas in 
the Ni® decay, the Cu®® ground level must be 1+. 
This confirms its earlier assignment as well as the 2+ 
assignment to the 1.03-Mev level in Zn®.*.* The com- 
plete decay scheme for the isobaric triplet Ni®*-Cu®-Zn® 
is given in Fig. 3. 

®S. A. Moskowski, Phys. Rev. 82, 35 (1951). 
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From the experimental mass decrements listed by 
Wapstra,"” masses of 65.946940+0.000200 and 
65.949760+-0.000200 are found for Zn* and Cu®, 
respectively. If one uses an energy of 0.20+0.03 Mev 
for the difference between the ground states of Ni® 
and Cu®, a mass of 65.949975+0.000203 is calculated 
for Ni®. 
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Gamma-Gamma Angular Correlation in the Decay of Chlorine-34f 
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The directional angular correlation between the 1.16- and 2.10-Mev gamma rays which follow the decay 
of 32.4-minute Cl* has been measured. Samples of Cl* were produced in the cyclotron of the University of 
California, Los Angeles by the (p,m) reaction and were produced in both solid and liquid form. Sodium 
iodide scintillation counters with subsequent pulse-height discrimination and standard coincidence tech- 
niques were used and the method was tested on the cascade of Ni™ giving satisfactory agreement with 
previous results. The results on S*, although not unambiguous, are consistent with the assignment of 
spin 2 and even parity to both the first and second excited states of S* with the 1.16-Mev gamma ray being 
1.7% electric quadrupole and 98.3% magnetic dipole radiation. 


INTRODUCTION 


HLORINE-34 is a complex positron and gamma- 
ray emitter which has been the subject of nu- 
merous investigations.!~? 

Figure 1 shows the probable decay scheme of Cl*. 
The gamma-ray energies are in Mev and are due to 
Ruby and Richardson! and Ticho.? Arber and Stahelin‘*:® 
measured the lifetime of the ground state of Cl* and 
calculated a, the internal conversion coefficient of the 
0.145-Mev gamma ray, from the results of Ruby and 
Richardson. The values of the half-life of the isomeric 
state of Cl* and of the maximum energies of the posi- 
tron groups were reported by Green and Richardson.’ 
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The gamma-ray intensities were calculated from those 
of the positron groups and the relative intensities of 
the 3.22- and 1.16-Mev gamma rays measured by 
Green*; the intensity of the 0.145-Mev radiation in- 
cludes the percentage which is internally converted. 

Arguments based upon all the experimental evidence 
and upon the fact that S* is an even-even nucleus lead 
to the choice of spin 2 and even (+) parity for both its 
excited states as most probable. This investigation of 
the directional angular correlation between the 1.16- 
and 2.10-Mev gamma rays was performed to confirm 
this spin assignment and to determine the ratio of the 
amplitudes of the electric quadrupole and magnetic 
dipole radiation in the 1.16-Mev transition. A pre- 
liminary and incomplete report of this work has been 
presented previously.® 


APPARATUS AND PROCEDURE 


The gamma rays were detected by three scintillation 
counters, one of which served solely as a monitor. The 
electronic equipment was built following standard 


8H. E. Handler and J. R. Richardson, Phys. Rev. 98, 281(A) 
(1955). 
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Fic. 1. Energy level diagrams of S* and Cl* together with a 
summary of the main gamma and beta transitions involved. 


circuitry for the most part, and ‘its performance was 
checked very frequently during the course of the work. 
As a test of the apparatus and procedure, the direc- 
tional correlation of the well-known gamma rays which 
occur in the decay of Co™ was first measured ; this test 
resulted in good agreement between the experimental 
correlation and that expected from theoretical con- 
siderations. 

Figure 2 depicts the arrangement of the apparatus on 
the 36-inch correlation table. Counters 1 and 3 were 
permanently positioned ‘on the table 90° apart, and 
Counter 2 could be fixed at any angular position from 
45° to 225° with respect to Counter 1. 

In the Co® work, all three NalI(Tl) crystals were 
% inch in both diameter and thickness; in the Cl* 
investigation, a crystal 12 inches in diameter and 2 
inches thick was substituted in the movable counter. 

The Co® source was prepared by dissolving a piece 
of a pile-irradiated cobalt wire in HCl and obtaining 
dry radioactive CoCl, by evaporation. Adequate non- 
radio CoCl, was mixed with the radioactive salt to 
provide sufficient bulk to fill the source volume of one 
of the source containers; care was taken to keep this 


Fic. 2. The arrangement of counters on the correlation table. 
Counter 3 served as a fixed monitor counter. 
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source water-free. The approximate source strength 
was 0.05 millicurie. 

Solid Cl* samples were produced by bombarding 
pure, dry NaCl with the 20-Mev protons of the internal 
beam of the UCLA FM cyclotron; typical source 
strengths were about 0.1 millicurie at the beginning of 
the counting periods. Water solutions of radioactive 
NaCl were also used as sources, with an initial strength 
of about 0.03 millicurie. Care was taken to ensure that 
the most energetic beta particles were stopped in the 
source holders, and that the geometry for the absorption 
and scattering of the gamma rays in the source structure 
was the same in all cases. 

Gross and accidental coincidences were counted 
simultaneously between counters 1 and 2; counter 3 
served as a monitor. 

The differential discriminator in each of the channels 
from counters 1 and 2 was set to accept pulse heights 
corresponding only to the full-energy peak of one of 
the gamma rays of the cascade under study. Coinci- 
dences arising from Compton scattering were thus re- 
duced to a negligible number, and, in the Cl* case, 
coincidences between the gamma rays and annihilation 
radiation were minimized. The large crystal which was 
installed in Channel 2 during the Cl* work was used 
to enhance the full-energy peak of the 2.10-Mev 
radiation. 

The minimum usable coincidence resolving times 
were about 0.3 microsecond for the Co® work and 
about 0.4 microsecond during the Cl* investigation. 
These were measured daily during the course of the 
counting runs and remained constant to within 0.5%. 

Coincidence counting was performed with Counter 2 
set at each of five angles from 90° to 180° relative to 
Counter 1. The Co® data were accumulated in six 
two-hour runs at each angle; each run yielded about 
8000 coincidences of which about 40% were accidentals. 
The Cl* runs with the solid sources were done at the 
same five angles; each run required a freshly bombarded 
sample and lasted 2} hours. A total of eighty-seven runs 
were made; typical counting periods vielded about 
3000 gross coincidences and about 2000 accidentals. 
Twenty-eight two-hour runs at 90° and 180° only were 
made with the liquid solutions of radioactive NaCl; 
about 500 accidentals and 800 gross coincidences were 
obtained per run. The contribution of background to 
the coincidence rates were, in all cases, negligible. 

Since the full-energy peak of the annihilation radia- 
tion in the Cl* gamma-ray spectrum was very large, 
it extended somewhat above the lower energy limit of 
Channel 1, which was set to detect the 1.16-Mev 
radiation, and caused some coincidences to be registered 
between the 0.51-Mev quanta and the gamma rays of 
Channel 2. In order to determine the magnitude of this 
phenomenon, the over-all efficiency of Channel 1 for 
annihilation radiation was measured using a Na” 
source and coincidence techniques. It was found that 
about 4% of the legitimate coincidences of the Cl* 
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work were due to this effect; corrections were made 
accordingly. 


RESULTS AND DISCUSSION 


The angular-correlation function, expressed in terms 
of the quantities derivable from the experimental data 
obtained at angle “6,” during run “7” is 

N3 
w;(0;) - oyN. (Ce- C4 —Cap)ij. 


V2 


Here g is a constant which includes the appropriate 
branching ratios, parameters of the geometry, the 
counter efficiencies, the energy-selection limits, and the 
absorption properties of the source structure. N,, No, 
and N; are the single-channel counts, corrected for 
scaling losses and background; Cg is the gross coinci- 
dence count. C4, the number of accidentals, is the 
product of the number of counts registered in the 
“accidental coincidence channel” and the ratio of the 
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Fic. 3. The correlation function for the 42-0 cascade in Ni®. 
The dashed curve represents a least square fit of the data and the 
solid curve is the theoretical function to be expected from this 
type of cascade. 


resolving times of the two coincidence circuits. Cg is the 
number of “true” coincidences due to any phenomena 
other than the cascade under study; for the Co™ work, 
Cz was zero, and, for the Cl* investigation, Cg= 2pAN2, 
where p is the over-all efficiency of Channel 1 for 
annihilation quanta and X, calculated from the tables 
of Moszkowski,’ is the fraction of the Channel 2 counts 
which were accompanied by positrons. 

The w,; and their standard deviations, which were 
based solely on nuclear statistics, were calculated for 
all runs, and from these the weighted means for each 
angle, W(0,), and their standard deviations were com- 
puted. The internal consistency of the results at each 
angle was tested and justifies the use of these standard 
deviations. Table I lists the weighted means, arbitrarily 
normalized for each of the two cases. For the S* 
cascade, W, and Ws are the means for the liquid and 
solid samples, respectively; since these are equal at 


9S. Moszkowski, Phys. Rev. 82, 35 (1951). 
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TABLE I. Experimental weighted means and standard deviations 
for the angular correlation function. 
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each of the two angles at which liquid samples were 
counted, they are combined to yield the grand means, W. 
The coefficients, a2,, in the expression 


W (0) = > ar G2, COs”’O 


were fitted to each of the two sets of means by 
the method of least squares,'® and the experimental 
anisotropy, R=[W(180°)—W (90°) ]/W (90°), and its 
standard deviation were computed for each case. 
Table II includes these results and the theoretical 
coefficients and anisotropy for the 4—2-—0 cascade, 
which is applicable to Ni®. The latter quantities have 
been corrected for the finite solid angle of the detectors 
by the method described by Rose.'°:'! The normaliza- 
tion in all cases is such that W (90°) = 1. The agreement 
between the least-square and theoretical coefficients 
and anisotropies for the Ni® cascade is within statistical 
expectation and indicates that the experimental tech- 
nique and method of analysis are reliable. The functions 
corresponding to the Ni® coefficients are displayed 
graphically in Fig. 3. 

The agreement between the means for the solid and 
liquid samples of Cl* (see Table I) indicates that any 
attenuating effect due to electric interaction between 
the intermediate state of the S* cascade with crystalline 
fields is smaller than the error of the measurements. 
Approximate calculations yield a life time of about 
10-' second for a 2.10-Mev E2 gamma ray; this is 
considerably shorter than the typical periods of pre- 
cession induced by magnetic interactions (about 10~* 
second). Consequently, interpretation of the measured 
correlation of the S* gamma rays in terms of theoretical 
angular correlation functions is meaningful. 

Since the anisotropy is the best known of the least- 
squares quantities, the anisotropies were calculated 


TABLE II. Angular correlation coefficients and anisotropies. 








ao a2 a R 





Ni®™: (least-squares) 1 +0.13840.041 +0,012+0.039 0.1502+0.0090 
(theoretical) 1 +0,1219 +0.0342 0.1561 
—0.088 +0.099 0.573+0.030 


S*: (least-squares) 1 +0.66+0.10 








10M. E. Rose, Phys. Rev. 91, 610 (1953). 
ul 5) D. Klema and F. K. McGowan, Phys. Rev. 92, 1469 
1953). 
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TaBLe III. Mixed-transition correlation parameters for R=0.573. 
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from the theoretical functions’? for pure multipole 
transitions for cascades with all combinations of spins 
3, 2, and 1 for excited states and spin 0 for the ground 
state. After solid-angle corrections were made, these 
anisotropies were compared to the least-squares value. 
Since none of these was within two experimental 
standard deviations of R=0.573, it was concluded that 
a measurable mixture of magnetic and electric radia- 
tions occurs in the first transition in the S* cascade. 

For cascades in which such a mixture exists, the 
correlation function may be expressed 


v="max 


W(0)=Wa, 1.+8W eg, 141+25Wx= DY ae, cos”, 


v=0 


where W y, , and Wg, 1. are the functions, respectively, 
for pure magnetic 2”-pole and pure electric 2"+'-pole 
radiation in the otherwise mixed transition; Wx is an 
interference function; and 6 is the ratio of the reduced 
matrix elements of the appropriate electric and magnetic 
operators. The coefficients a2, and the anisotropy are 
seen to be quadratic functions of 6. These quadratic 
expressions were calculated for the same spin combina- 
tions as previously used and, after solid-angle correc- 
tions were made, those for the anisotropies were equated 
to the experimental value, 0.573. When solutions 
existed, two values of 6 were obtained and the corre- 
sponding a2, calculated. Table III lists these results for 
all the cases for which no a», is more than three experi- 
mental standard deviations from the corresponding 
least-squares coefficient ; ao is again chosen to be unity 
for convenience. In Table III, J; and J2 are the spins 
of the first and second excited states of S*; the experi- 
mental coefficients are included for comparison. 

The gamma-gamma angular correlation alone thus 
leads to six possible sets of spin assignments for the 
excited states of S*. In view of the other experimental 


21. C. Biedenharn and M. E. Rose, Revs. Modern Phys. 25, 
729 (1953). This is a review of the theory of angular correlations 
of nuclear radiations and contains a complete bibliography of 
theoretical papers as well as many references to experimental work. 
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Fic. 4. The correlation function for the cascade in S*. Assuming 
the cascade is 22-0, the curves represent different mixtures of 
electric quadrupole and magnet dipole in the 2—2 transition. 
5=0 corresponds to pure M1 and 6= © corresponds to pure E2 
radiation. 


information (see Fig. 1), the choice of /;=J:=2 is by 
far the most probable of these. This assignment corre- 
sponds to 6=0.133+0.024 and leads to an intensity 
ratio of 0.0177+0.0064 or 1.7% electric quadrupole 
and 98.3% magnetic dipole for the 1.16-Mev transition. 
Figure 4 shows the experimental points for the S* 
cascade and the correlation function for a 22-0 
cascade for several values of 6 including that which best 
fits the data. The curves for 5=0 and 5= are those 
for pure M1 and pure £2 radiation in the first transition, 
respectively, and the curves for 5=0.683 and 6= — 1.270 
are those with the maximum and minimum anisotropies. 
Solid angle corrections have been applied to all these 
curves, and the normalization is such that W(90°)=1. 

It is to be hoped that eventually enough cases of the 
2-2-0 cascade will have been investigated so that a 
comparison of experimental values of 6 with the pre- 
dictions of the shell model will be possible. The pub- 
lished data, however, are not yet adequate for this 
purpose. 

Since the completion of this work, Bleuler and 
Morinaga™ have reported a weak positron transition 
to the third excited state of S*. The effect of the gamma 
rays which originate from this state upon the results of 
the angular correlation measurement of this work would 
be negligible. 
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Experiments are described on the photoproduction of high tions for Li and O to those from D for 260-Mev photons. (A more 
energy neutron-proton pairs from complex nuclei. The results limited group of measurements are reported for 200-Mev photons.) 
provide further confirmation and some clarification of the quasi- The results of these observations indicate that the quasi- 
deuteron model of Levinger. deuteron photodisintegration proceeds through the same mecha- 


In these experiments targets of D, Li, and O are bombarded by nisms as are responsible for the photodisintegrations of free 
Borers! connected oe aes alas uhaa evens deuterons at the energies investigated. However, a quantitative 
observed the angular spread of the n—p coincidences which arises understanding of the data, especially for the cross-section ratios, 
trom the momentum distribution of nucleons in the complex required an analysis of the effects of scattering of the emerging 
nuclei. These observations were preliminary to the main group of nucleons in the target nuclei. Qualitative arguments concerning 
measurements, which consisted in a direct comparison of the cross __ these effects are given herein; the more quantitative discussion is 
sections and angular distributions of quasi-deuteron disintegra- postponed to a future communication. 


INTRODUCTION sufficient number to account for the major portion (if 
ARLY experiments!? on the photoejection of high- 2°t all) of the photodisintegrations which yield high- 


energy protons from complex nuclei led to the ©"€Tgy nucleons. : , , 
proposal, by Levinger,’ of a quasi-deuteron model for Following the initial measurements, which established 


the high-energy nuclear photoeffect. According to the validity of the quasi-deuteron model, we have 
Levinger’s model, the photon is pictured as interacting Undertaken a series of experiments with the dual pur- 
with two nucleons in the nucleus; the ejection of high- Pose of further elucidating the nature of the _quasi- 
energy nucleons is thus caused, at least in part, by the deuteron disintegration mechanism and of exploring the 
same processes as lead to the photodisintegration of the Possible usefulness of this photodisintegration process as 
deuteron. However, the kinematics of the quasi- 4 tool for the investigation of nuclear structure—in 


deuteron photodisintegration are modified by the in- Particular, the momentum distributions of nucleons in 
ternal motion of the nucleons in the nucleus. complex nuclei. With these ends in mind, the following 


Subsequent measurements of the energy and angular ™easurements have been undertaken: 


distributions of the high-energy photoprotons*~’ tended 1. The angular and energy dependence of the cross 
to confirm the Levinger model, although a number of section for the quasi-deuteron photodisintegration as 
discrepancies appeared to exist between the experi- compared to the free deuteron photoeffect ; 

mental results and the theoretical predictions.’ Con- 2. The angular distributions (spread) of the neutrons 
vincing evidence for the quasi-deuteron model was in coincidence with protons emitted at various angles 
supplied by the observation, by Barton and Smith’ and ng energies; 


by our group,’ of neutrons, in coincidence with the 3. Dependence of the processes under investigation 
photoprotons from lithium and carbon, with the kine- 9) atomic number: 


matical relationships appropriate to the photodisinte- 4 The possible photoemission of proton-proton pairs. 
gration of the deuteron. These events were observed in P rcs 
a This paper consists of two parts. First is a fuller report 


* This work has been supported in part by the joint program of on preliminary experiments which we feel establish the 


| aera ay Naval Research and the U. S. Atomic Energy validity of the quasi-deuteron model. The second part 
+ Present address: University of Illinois, Urbana, Illinois. is a report on results concerning the mechanisms of the 


*D. Walker, Phys. Rev. 81, 634 (1951). quasi-deuteron photodisintegration. The latter part is 


‘ca tate os. aee'sa da (ost). 82, 822 (1951). based mainly on the results obtained under item 1 
. S. Levinger, Phys. Rev. 84, F ' . + 
‘J. C. Keck, Phys. aoe 85, Ere Anige sist: eeie Cases although some data under items 2 and 3 are required in 
; J. W. Rosengren and J. M. Dudley, Phys. Rev. 89, - the interpretation, and they will be given when needed 
¢ J. W. Weil and B. D. McDaniel, Phys. Rev. 92, 391 (1953). P eerste! 8} ; ' 
7 Feld, Godbole, Odian, Scherb, Stein, and Wattenberg, Phys. Subsequent publications will deal with the interpreta- 


Rev. 94, 1000 (1954). tion of these data; one will concern the distribution of 


*M. Q. Barton and J. H. Smith, Phys. Rev. 95, 573 (1954). : : . 
® Myers, Odian, Stein, and Wattenberg, Phys. Rev. 95, 576 nuclear momenta in complex nuclei (from item 2) and a 


(1954). second will deal with the effects of nuclear size on the 
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observations (item 3). Preliminary results relating to 
item 4 have already been published." 

All of these investigations were performed using, as a 
photon source, the 340-Mev bremsstrahlung beam from 
the Massachusetts Institute of Technology synchrotron.’ 


THEORETICAL CONSIDERATIONS 


In comparing the energy and angular distributions of 
the photodisintegration of the quasi-deuterons in com- 
plex nuclei with those of the free deuteron, it is expected 
that information may be obtained concerning differences 
between the processes responsible for the two phe- 
nomena. Such differences might be expected to arise, 
mainly, from two causes. In the first place, the distribu- 
tions, both in space and in their relative momenta, of the 
two nucleons comprising the quasi-deuteron will be 
different from the corresponding distributions in the 
free deuteron. Secondly, the neutron and proton of the 
quasi-deuteron may be in a relative singlet S-state, or a 
P-state, as well as in the triplet S-state which is 
characteristic of the free deuteron. 

The experimental evidence on the photodisintegration 
of the free deuteron is now fairly complete over a range 
extending from threshold to ~450-Mev photon energy. 
In the low-energy range," extending to ~10 Mev above 
threshold, the process is predominantly electric dipole 
absorption (except very close to threshold) with a 
characteristic sin*@ angular distribution; all of its fea- 
tures are well understood in terms of the conventional 
theories of the neutron-proton forces. Schiff’? and 
Marshall and Guth” have extended the low-energy 
calculations to photon energies of ~100 Mev, assuming 
that the nucleon-nucleon forces are describable by the 
same type of potential as is required at low energies. 
Their calculations predict a cross section which de- 
creases rapidly and monotonically with increasing 
photon energy, and which has an angular distribution 
which remains predominantly sin’#. The observed cross 
section shows marked deviations from this theory, even 
at the relatively low photon energy of ~20 Mev," 
mainly in that the angular distribution exhibits an 
appreciable isotropic term together with a marked 
asymmetry about 90°. At somewhat higher energies,!*-” 
these deviations become much more marked, both in the 
values of the cross section (considerably higher than 
predicted) and in the angular distributions. 

In his original calculations on the quasi-deuteron 


( ” Weinstein, Odian, Stein, and Wattenberg, Phys. Rev. 99, 1621 
1955). 

1G. L. Squires, in Progress in Nuclear Physics (Academic Press, 
Inc., New York, 1952), Vol. 2, p. 89. 

#2 L. I. Schiff, Phys. Rev. 78, 733 (1950). 

18 J. F. Marshall and E. Guth, Phys. Rev. 78, 738 (1950). 

“4 J. Halpern and E. V. Weinstock, Phys. Rev. 91, 934 (1953). 


18 W. S. Gilbert and J. W. Rosengren, Phys. Rev. 88, 901 (1952). 

6 Keck, Littauer, O’Neill, Perry, and Woodward, Phys. Rev. 93, 
827 (1954). 

17 Schreiver, Whalin, and Hanson, Phys. Rev. 98, 763(A) (1954). 

18 E. A. Whalin, Jr., Phys. Rev. 95, 1362 (1954). 

*L. Allen, Jr., Phys. Rev. 98, 705 (1955). 
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process,’ Levinger assumed the results of Schiff and 
Marshall and Guth" for the free-deuteron cross section. 
At the same time, in order to simplify the computations, 
he neglected any possible difference between the singlet 
and triplet n-p cross sections. The result of this compu- 
tation was 

a=6.4(NZ/A)op", (1) 


where a is the cross section for n-p production from the 
complex nucleus of atomic number Z and atomic weight 
A, N=A-—Z, and ap is the above-mentioned theo- 
retical free-deuteron photodisintegration cross section. 
Levinger also computed the energy and angular distribu- 
tions of the resulting photoprotons assuming a sin’0 
angular distribution for the photodisintegration process 
and an incident bremsstrahlung photon spectrum. 

As first pointed out by Rosengren and Dudley,’ the 
main discrepancies between the observations on the high- 
energy photoprotons and the predictions of Levinger are 
greatly reduced by the simple expedients of substituting 
the observed'*-” op for op in Eq. (1) and using the 
observed angular distributions instead of the assumed 
sin’ distribution for the free-deuteron process. 

However, in so altering the Levinger theory to fit the 
observations, it must be recognized that considerable 
violence is being done to certain of the assumptions 
employed in obtaining Eq. (1). It is inherent in the 
Levinger calculation that the high momenta associated 
with the process under consideration reflect the presence 
of such high momentum components in the wave func- 
tion of the original free deuteron or quasi-deuteron. 
Indeed, it is the sparsity of these high momentum 
components which accounts for the rapid falling-off of 
ap with photon energy. The coefficient (6.4) of Eq. (1) 
is essentially a measure of the excess of high momenta in 
quasi-deuterons as compared to that in free deuterons. 
This ratio is computed on the basis of a Fermi-gas model 
for the nuclear momentum distribution in complex 
nuclei, assuming a nuclear radius of 1.444X10-" cm. 

In attempting to explain the observations on the 
quasi-deuteron, it is necessary, first, to understand the 
free-deuteron photodisintegration process at high ener- 
gies. A reasonable explanation of the behavior of op has 
been suggested by Wilson,” based on the assumption 
that the photodisintegration of the deuteron at high 
energies is essentially a meson-connected process. Quali- 
tatively, we may understand the process as follows: In 
the region of the meson production threshold (~150 
Mev) and above, the cross section for meson production 
by the nucleons in the deuteron is considerably greater 
than op“. If a meson is produced from a nucleon in the 
deuteron, it may either be emitted or reabsorbed by the 
two-nucleon system; in the latter case its energy is 
shared as kinetic energy of recoil of the nucleons. If the 
meson production process occurs when the two nucleons 
are relatively far apart (say further than the range of 


® R. R. Wilson, Phys. Rev. 86, 125 (1952). 
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nuclear forces, ~h/yc) the meson will escape. If, on the 
other hand, the two nucleons are closer together than 
~h/uc, phase space arguments indicate that the reab- 
sorption process will be greatly favored, at least for 
photon energies not too far above the meson threshold 
(say Z,S300 Mev). A quantitative treatment of the 
photodisintegration of the free deuteron, based on these 
ideas, together with a specific (J= $+, T=} resonance) 
model for the meson production process has been given 
by Austern” and by Feld.” 

For the quasi-deuteron process, this model now pro- 
vides a natural and simple justification for the interpre- 
tation of Rosengren and Dudley. Furthermore, at least 
for those processes in which the quasi-deuteron is 
initially in a °S, state, we have 


o(8S)=a(NZ/A)op, (2) 


where a is the ratio for the probability that the neutron 
and proton in a complex nucleus will be separated by a 
distance less than ~h/uc as compared to the same 
probability in the free deuteron.” The angular distribu- 
tion for this process will be the same as that observed 
for the free deuteron. We note, furthermore, that this 
model no longer requires that the high momenta of the 
disintegration products shall be originally present in the 
quasi-deuteron. The momentum distribution of the 
nucleons in the complex nucleus is reflected mainly in a 
“smearing-out”’ of the kinematics.%:* 

Weare, however, still left with a number of important 
questions. The quasi-deuteron, unlike the free deuteron, 
can exist in a variety of initial angular momentum states 
(e.g., 'So, 'P1, *Po, 1,2, etc.) and while the simple model?! 
indicates that the meson-connected disintegrations from 
these states may be smaller than from the *S,, there is no 
reliable experimental evidence on this point. Further- 
more, we do not know to what extent the nature of the 
process may be influenced by the presence of other 
nucleons. Finally, the observed cross section and angular 
distribution from complex nuclei will certainly be in- 
fluenced by the interaction (scattering) of the nucleons 
on their way out of the nucleus. 

Two sets of experiments are described in this article. 
The first group, of a preliminary nature, represent only 
semiquantitative checks on the quasi-deuteron model. 
The second set of measurements were performed to 

21.N. Austern, Phys. Rev. 100, 1522 (1955). 

2B. T. Feld, Nuovo cimento 2, Suppl. 1, 145 (1955). 

% A simple computation, based on a nuclear density corre- 
sponding to a radius of 1.24!X10-" cm and a Hulthén wave 
function for the deuteron, gives a~3.8. 

% A quantitative discussion of the modified kinematics will be 
given in a later paper reporting on the momentum of nucleons in 
various nuclei. 

25 Note added in proof.—K. G. Dedrick [Phys. Rev. 100, 58 
(1955) ] has reported detailed numerical calculations based on 
the Levinger model and assuming completely uncorrelated nu- 
cleons in which specific account is taken of the nucleon motions 
and interactions within the nucleus. However, since the numerical 
results reported are for photon energies below 125 Mev and 
include electric dipole and quadrupole absorption only, we have 
not been able to apply these calculations to the interpretation of 
our observations. 
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study the quasi-deuteron process as a function of angle 
and energy by a direct comparison with the photodis- 
integration of the deuteron. 


A. Preliminary Experiment 
1. Experimental Method 


The neutron-proton pair was detected by means of a 
coincidence between a proton telescope and a liquid 
scintillation neutron counter placed at angles to one 
another appropriate to the photodisintegration of a free 
deuteron. Although the synchrotron emits a brems- 
strahlung spectrum, photons of a specific energy, as 
determined by the energy and angle settings of the 
proton telescope, are singled out in these observations. 

The proton telescope consisted of two plastic scintil- 
lators. The first plastic scintillator measured dE/dx and 
the second the energy E. Both plastic scintillators were 
five inches in diameter and 3 inch thick. Four-inch 
diameter holes in brass defined the solid angle of the 
telescope. Minimum pulse heights were set in both 
detectors to select a certain energy spread of protons. 
This method has been described in detail previously.’ 
By an appropriate choice of biases and of the thickness 
of absorber in front of the telescope, the telescope could 
be set to detect protons of a predetermined energy E, 
with an energy spread AE,. Most electrons and + 
mesons were excluded by the pulse height requirements 
in both crystals. However, the requirement of a coinci- 
dence with neutrons should remove all electrons and x 
events in the coincidence measurements. With the bias 
held constant, the energy interval AE, is different for 
each proton energy (absorber thickness). In practice, 
AE, was between 20 and 25 Mev. AE, was determined 
experimentally in a separate experiment. 

In this preliminary experiment, the neutron counter 
was a ten-centimeter diameter by 30-centimeter long 
hollow plastic cylinder filled with cyclohexylbenzene 
containing terphenyl. The bias was set so that neutrons 
with energies less than about 15 Mev would not be 
observed. The neutron detector and its efficiency are 
discussed in detail in a separate article,?* in which the 
electronic circuitry employed is also described. 

Neutron-proton coincidences from deuterium were 
observed in order to study the angular resolution and 
efficiency of the neutron counter. Since the deuterium 
was in the form of heavy water, a light-water subtraction 
was necessary. The water samples were contained in 
thin-walled, almost identical plastic cells. In addition, 
measurements were made with a lithium target. Un- 
fortunately, in this set of measurements, the lithium 
sample was in the form of a cylinder 10 cm long and 
10 cm in diameter. This bulky sample had the effect of 
changing the experimental resolution of the apparatus 
as well as of scattering some of the outgoing’ particles. 


The geometry employed is shown in Fig. 1. 


%6 Christie, Feld, Odian, Stein, and Wattenberg, Rev. Sci. Instr. 
(to be published). 
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Fic. 1. Experimental geometry for preliminary measurements. @, is 
varied in the experiment. 


2. Results 


For the measurements at photon energies of about 250 
Mev, the proton counter was set to observe 125-Mev 
protons at an angle of 76° to the beam. For the measure- 
ments at photon energies of about 140 Mev, the proton 
counter was set at an energy of about 70 Mev and at 78° 
to the beam. Both angles and energies were chosen to 
correspond to a free deuteron center-of-mass angle 
of 90°. 

The neutron-proton coincidences were measured as a 
function of neutron angle (with the proton counter held 
fixed in energy and angle). The results are shown in 
Figs. 2 and 3. The D,O and H,O samples were cycled at 
each setting of the neutron angle. The neutron angles 
were cycled by frequently returning to the neutron 
angle of 76° for the 250-Mev runs and 78° for the 140- 
Mev runs. 

The observed spread in the neutron angles for 
deuterium (Figs. 2 and 3) can be accounted for by the 
geometry and finite size of beam, targets, and detectors. 
The neutron-proton coincidence curves from lithium 
and oxygen (obtained from the H.O target measure- 
ments) are in semiquantitative agreement with the 
predictions of the quasi-deuteron model. These curves 
are expected to be broader than those from deuterium 
because of the initial momentum of the nucleons in the 
nucleus. When one changes the photon energy from 250 
to 140 Mev, the momentum acquired by the neutron 
through the photon absorption is reduced, while the 
initial momentum of the nucleons, which must be added 
to the acquired neutron momentum, remains constant. 
Therefore, the spread in neutron angles for Li and O 
should increase, as observed, in going from E,=250 to 
E,=140 Mev. 

It was somewhat surprising to find the spread from 
lithium larger than that from oxygen. However, a 
subsequent analysis showed that this probably arose 
from the bulkiness of the lithium target combined with 
the excessively large solid angles subtended by the 
detectors. On the basis of these analyses, appropriate 
changes were made in the apparatus and targets in the 
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later experiments. Much more understandable curves 
were obtained in the later experiments which employed 
this effect to study the momentum of nucleons in 
various nuclei. 


B. The Angular Dependence of the Photo- 
Disintegration of the Quasi-Deuteron 


1. Method 


Revisions in the targets, apparatus, and geometry 
were made on the basis of our experience in the prelimi- 
nary measurement. A rectangular lithium target was 
made which more closely resembled the water targets. 
Thicker plastic scintillators were.obtained for the back 
detector of the proton telescope so that all w*’s and 
electrons could be discriminated against on the basis of 
pulse height in both crystals. The collimator in the 
telescope was changed to one with a three-inch diameter 
hole to improve the angular resolution. The AE, em- 
ployed were reduced and kept between 12 and 16 Mev. 
The targets were set at angles such as to minimize the 
geometrical angular spread. 

It was desired to compare the total number of 
neutron-proton coincidences from Li and O to those 
from deuterium as a function of proton angle and 
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Fic. 2. Variation of neutron-proton coincidences with neutron 
angle. Gamma-ray energy is 140 Mev. 
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energy. (The center-of-mass angle for a free deuteron 
disintegration is determined by the proton detector.) 
To determine the total number of -p coincidences, one 
would have to integrate curves of the type shown in 
Figs. 2 and 3, keeping in mind that there is also a spread 
in the vertical direction. (The x-ray and the proton lay 
in the horizontal plane.) At angles other than 90° in the 
c.m. system, the vertical spread could be appreciably 
different from the horizontal spread, since our scheme 
observes quasi-deuterons whose center-of-mass motion 
is in the horizontal plane. 

If one desired to perform this integration, an exact 
knowledge of the angular resolution of the neutron 
detector would also be required. To avoid the necessity 
of this integration, a large neutron detector was con- 
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Fic. 3. Variation of neutron-proton coincidences with neutron 
angle. Gamma-ray energy is 252 Mev. 


structed which could be made to subtend solid angles 
sufficiently great to include all the neutrons in coinci- 
dence with the observed protons. This detector thus 
performs the desired integration for us. The large 
neutron detector is shown schematically in Fig. 4. Its 
uniformity and efficiency are described in detail in a 
separate article.** Its bias was set to avoid observing 
neutrons with energies less than 15 Mev. 

To be certain that this detector was observing all 
neutrons in coincidence with the protons, a special set of 
measurements was made in which the distance of the 
large neutron counter from the target was varied. This 
is equivalent to varying the solid angle of the counter. 
The results of the test are shown in Fig. 5. The fact that 
the n-p coincidence rate is flat beyond a certain solid 





FRONT VIEW SIDE VIEW BACK VIEW 


Fic. 4. Large neutron counter used to integrate over 
neutron angles. 


angle indicates that all neutrons in coincidence with 
protons are being observed at the larger solid angles. 
For the measurements on Li and O, we employed a 
solid angle larger than 0.34 which, from the data of 
Fig. 5, appears to be safely on the plateau. For the 
measurements on deuterium, the counter was moved 
back so that the neutrons would be spread across the 
counter in the same way as they were spread from Li 
and O. Thus, for each angle and energy setting of the 
proton detector, it was necessary to set the large 
neutron detector at only one (neutron) angle. 


2. Measurements and Results 


The purpose of these measurements was to compare 
the cross section for the production of n-p coincidences 
from Li and O to that of deuterium. For such processes 
the differential cross section is given by an expression of 
the form 

do (counts per monitor unit) 


(3) 





dw «FNA (flux per monitor unit) 


where ¢ is the over-all efficiency including solid angles; 
F isa factor that would correct to the center of mass and 
take account of the energy spread; N is the number of 
atoms/cm?; and A is the effective area of the target. If 
one takes ratios of cross sections, say of Li to O, then the 
factors e, F, A, and flux per monitor unit cancel out in 
the ratio. However, rather than compare cross sections 
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Fic. 5. Variation of m-p counting rate in large neutron counter as 
counter is moved away from target. 
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TaBLe I. Summary of data* for H,O and D,O. E,=260 Mev; 0p*=90°; 0p=O0n=04,= 76°; Ep=129 Mev; Ev=129 Mev. 








Prot Prot AP 


MD:0 M 


N-P 


MH: MH:0 


A(N —P) A(N —P) 
M P 


N-P 


PpD:0 


N-P 
PH:0 








7.112 
7.553 
7.021 
7.753 


Av 7.360 
Correction of 0.02 H,O* 


7.964 0.852 
8.521 0.968 
8.078 1.057 
8.520 9.767 


8.271 


0.042 
0.048 
0.049 
0.048 


0.91 
0.15 


0.047 


Corrected av value: 
Prot/Mp2= 1.06 


0.098 0.115 
0.095 0.098 
0.108 0.102 
0.100 0.130 


0.100 0.110 
0.001 


0.0060 
0.0064 
0.0070 
0.0061 


0.0064 


0.0176 
0.0168 
0.0194 
0.0174 


0.0178 


N—P/Mpv:=0.101 








* Large conuter far away (51 in.). 
> Each run corresponds to about 2000 monitor units. 


¢ The correction of 0.02 H:O is to correct for the H2O cell having a thickness that is 0.98 of the thickness of the D2O cell. 


per atom, it appears to be more meaningful to compare 
cross sections per nucleon in the nucleus. For such a 
comparison, the ratio reduces very simply to 


(do/dw)y; [counts per M/(g cm~) )1; 
(do /dw)p * [counts per M/(g cm) ]p. 


(4) 





where M stands for monitor unit. 

In order to illustrate the kind of consistency that was 
obtained in one of the most reliable sets of identical 
measurements, and the corrections applied, a summary 
of the data taken at 76° to the beam is shown in 
Tables I and II. It will be noted that the HXO—D,O 
subtraction involves a difference of two large numbers 
for the proton rates. For the n-p coincidence, the 
situation is somewhat better. The columns (V—P)/P 
are used to check on the retiability of the electronics and 
the stability of the neutron counter. 

The average corrected values obtained from such 
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Fic. 6. Angular distribution of photoneutron proton pairs from 
lithium and oxygen relative to deuterium. Z,=260 Mev. 


summaries are then divided by the g/cm? of target in the 
beam; from these numbers the ratios of cross sections 
(per nucleon) are obtained from expression (4). The 
ratios obtained for 260-Mev photons are plotted against 
the (free deuteron) center-of-mass angle in Fig. 6. The 
Li/D ratios are essentially independent of angle. The 
O/D ratio seems lower at the smaller angles. Within the 
statistical accuracy of the experiment, however, it 
appears that the quasi-deuteron process has the same 
angular distribution as the photodisintegration of the 
deuteron for 260-Mev photons. 

The fact that the Li/D ratio has a value of 0.65, while 
the O/D ratio is 0.35 is understandable on the basis of a 
separate measurement (to be described in a subsequent 
communication), in which targets ranging from lithium 
to lead were studied. These measurements showed that 
the difference between 0.65 and 0.35 arises from the 
greater attenuation of the nucleons on traversing the 
larger nucleus. 

Some measurements were also made corresponding to 
photon energies of about 200 Mev using a 340-Mev 
bremsstrahlung cutoff. The value for the ratios at 90° 
(in the center of mass of the free deuteron) are 0.85 
+0.10 for Li/D and 0.57+0.07 for O/D. The relative 
values are understandable on the same basis as de- 
scribed above. However, the fact that the absolute 


TaBLe II. Summary of data® for lithium and oxygen. Ey= 260 
Mev; Op*=90°; Op=O0n=8\.b= 76°; Ep= 129 Mev; En=129 
Mev.» 








Run> P/M 


5.42 
5.42 
Li 6.07 


(N —P)/P 


0.0450 
0.0450 
0.0423 


0.0441 
0.0203 
0.0203 
0.0198 


0.0201 


Substance (N—P)/M 


0.244 
0.244 
0.257 





5.64 
7.00 
7.00 
7.55 


Av 7.18 


0.248 
0.142 
0.142 
0.150 


0.145 








* Large counter up close (10 in.). ; a 
> Each run corresponds to about 2000 monitor units, 
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values of the ratios are greater than for 260-Mev 
photons does not appear to be consistent with the 
theoretical ideas discussed above. 

As a byproduct of these coincidence measurements, 
we obtained data on the proton emission (i.e., the proton 
singles rate). The ratios for the production of protons by 
260-Mev photons are shown in Fig. 7. Again we have 
plotted cross-section ratios per nucleon in the nucleus. 
For lithium, the ratios seem to be independent of angle. 
However, for oxygen there again seems to be a rise at 
the backward angles. The other interesting point to note 
is that there does not seem to be a comparable attenua- 
tion (in escaping from the nucleus) of the protons, in 
that both ratios are about 1.3. This apparent direct Z 
dependence of the photoproton production has been 
observed previously by many groups.” 

An understanding of the apparent Z dependence of 
the single proton ratio and its failure for the n-p 
coincidence ratio requires a more detailed investigation 
of the attenuation and the geometries involved. How- 
ever, a tentative explanation can be advanced along the 
following lines: The attenuation arises from scattering 
of the nucleons inside of the target nucleus. In the case 
of the m-p coincidence measurements, any scattering is 
likely to prevent the observation of an n-p pair. In the 
case of single protons, scattering will also occur; how- 
ever, for single protons, one must take into account those 
protons which are scattered into the angles of observa- 
tion as well as those which are scattered out. This 
problem is discussed further in the projected article 
dealing with the A-dependence of this effect. These 
scattering phenomena also might provide an explanation 
of the backward rise of the proton counting rate from 
oxygen relative to deuterium. 

Another possible by-product of these measurements is 
a determination of the differential cross section for the 
photodisintegration of deuterium. However, in these 
experiments, the heavy water-light water subtraction 
leads to such poor statistical accuracy that no significant 
conclusions can be drawn from our data. 


CONCLUSIONS 


The first and most obvious conclusion is that the 
quasi-deuteron model is a good one for photons with 
energies between 140 and 300 Mev. However, until a 
quantitative analysis of the effect of scattering on the 
single proton rates has been achieved, it is difficult to 
say whether the quasi-deuteron process can account for 
all the high-energy photoprotons not associated with 
real meson production. 
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Fic. 7. Proton rates for oxygen and lithium relative to deuterium 
for various laboratory angles. 


In that the observed kinematical relationships are 
close to those of a deuteron and in that the angular 
distribution (in the center-of-mass system) is very 
similar to that of a deuteron, it would appear that the 
major contribution to this photoprocess must come 
from neutron and proton pairs which are in a relative 
S-state. 

It is very tempting to draw the more interesting 
conclusion, from the Li data at 260 Mev, that despite 
the presence of other nucleons the neutron-proton pairs 
are predominantly in an S-state in a complex nucleus. 
However, the oxygen angular distribution did vary 
slightly from that of the deuteron and the values of the 
ratios at 260 and 200 Mev do not agree. A possible 
explanation of these effects, especially the discrepancy 
in the ratios, could lie in a dependence of the ratios upon 
the maximum energy of the photon spectrum. This 
could arise from the suppression of disintegrations in- 
volving those portions of the initial momentum distribu- 
tion which require photons of energies in the region of or 
beyond the bremsstrahlung cutoff. The validity of such 
an explanation could be verified by measuring the 
dependence of the ratios on the maximum energy of the 
bremsstrahlung spectrum. 
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An attempt has been made to see whether reabsorption of pions, which would be produced inside a hyper- 
fragment if the bound hyperon decayed as if it were free, might account for the striking decrease, with 
increasing hyperfragment size, of the number of hyperfragment decays in which a pion is actually observed. 
Optical-model calculations, as well as experimental yields for the analogous process of photopion produc- 
tion inside nuclei, indicate that much too few pions would be reabsorbed. Another model of hyperfragment 
decay, in which nucleons may influence the bound hyperon to decay without real pion emission, could be 


made to fit the data. 





I. INTRODUCTION 


INCE Danysz and Pniewski' first reported the 

decay of a hyperfragment, as a nuclear fragment 
containing a bound A° hyperon is called, many such 
events have been observed.?* Hyperfragment decays 
may be classified into two groups: (1) mesonic decays, 
in which a w meson is observed in the disintegration 
star, and (2) nonmesonic decays, with only nucleons and 
light nuclei emitted. 

The probability P, of mesonic decay as a function 
of the number of particles in the hyperfragment has 
been calculated from a simple theory. For this purpose, 
the hyperfragment is assumed to consist of a A° bound 
to a core nucleus with a definite nucleon distribution 
unaltered by the motion of the A®°. Because the A° 
binding energy is small for the lightest hyperfragments,’ 
the A° may exist with large probability where nucleon 
density is negligible, that is, the A° may often lie 
“outside” the core nucleus. The eventual decay of the 
hyperfragment results from decay of the A°, which 
might then occur when the A° is inside or outside the 
nucleus. Without specifying an exact decay mechanism, 
the following decay processes have been considered : 


1. Free decay.—The A° is presumed always to decay 
as if it were free, by the mode: 


A°—> p+a-+37 Mev. (1) 


(An alternative mode, with the emission of an un- 
observable neutron and 7°, would not be included in 
the experimentally determined P,.) Reabsorption of 
some of the real pions by nucleons accounts for all 
observed nonmesonic decays. 

2. Stimulated decay—When in a region of strong 
interaction with a nucleon, the A° may decay without 
emitting a real pion; the A°® has a mean life +, with 
respect to decay by this process. In addition, the A° 
may decay with pion emission by mode (1), reabsorp- 
tion of real pions then accounting for a few nonmesonic 
decays, also. The mean life for decay by the latter 
process is r, when the A° is away from nucleons and 

* Supported by a grant from the National Science Foundation. 

1M. Danysz and J. Pniewski, Phil. Mag. 44, 348 (1953). 


2 Fry, Schneps, and Swami, Phys. Rev. 99, 1561 (1955). 
* Fry, Schneps, and Swami, Phys. Rev. 101, 1526 (1956). 


tT, when it interacts strongly with nucleons. Three 
extreme cases are considered : 


(a) ts’Kr-. 

(b) te =T,. 

(c) t,’>>rs, so that, for practical purposes, the A° 
only decays by emitting a pion when it lies outside a 
region of strong interaction with nucleons. 

Models employing each of these decay schemes have. 
been used to calculate P,, and the results were compared 
with experiment. Data to date,’ consisting of about one 
hundred events, indicate a sharp decrease of P, with 
increasing hyperfragment size. All decays were mesonic 
for the lightest observed hyperfragment ,H* (deuteron 
plus A°), about one-half were mesonic in hyperhelium, 
and only two mesonic decays were observed in heavier 
hyperfragments, ,Be® and ,C". Statistics are such that 
it should be sufficient that P, fall from ~~-90% at A=3 
to 10% around A=9, where A is the number of par- 
ticles in the hyperfragment, including the hyperon. 

As will be shown in Sec. III, the free-decay model 
fails, because too few pions are reabsorbed to account 
for the number of observed nonmesonic decays. The 
stimulated decay model (2c), with 7,’>>r,, best repro- 
duces the observed rapid fall of P, with increasing A.‘ 


II. ROLE OF THE A° DISTRIBUTION 


The successful model employing decay process (2c) 
is distinguished from the other models by the fact that 
it limits decay of the A° by real pion emission to regions 
of the hyperfragment where there are few nucleons. It 
will be shown in the next section that the influence of 


4 Note added in proof.—The result r,’>>ry may be partially 
justified by introducing the Pauli principle. One obtains rz’/7¢~5 
for A=5 to A=9 from the following calculation suggested by 
Professor W. F. Fry. (See also Ruderman and Karplus, Phys. 
Rev., to be published.) Assume that when the A° decays by process 
(1) inside the nucleus, the emission of a proton with momentum 
less than & given by the Fermi sphere for the nucleus is forbidden. 
Then, using the A° wave function (3) to obtain the A° momentum 
distribution, and assuming isotropic emission of the proton in the 
center-of-mass system, one can calculate the probability P that 
the A° contributes enough momentum to the emitted proton so 
that the total proton momentum exceeds k. P will, of course, also 
be the probability that the A° is mot forbidden to decay by pion 
emission when inside the nucleus. Then, r,’/r,=1/P, since decay 
by “sao emission is never forbidden when the A° lies outside the 
nucleus. 
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the nucleons is apparently felt at great enough dis- 
tances so that, within some sphere with origin at the 
center of the core nucleus, nucleons are dense enough to 
prevent decay by the free mode (1) altogether. In fact, 
it turns out that Ro, the radius of this sphere, must be 
chosen so that the nucleon density outside the sphere 
is less than half-maximum. Ry may thus be called the 
radius of the core nucleus. In essence, then, the bound- 
decay model assumes that the A° emits a pion only if it 
decays “outside” the core nucleus. The model succeeds 
because, like P,, the probability Po that the A° lies 
outside the nucleus decreases rapidly with increasing A. 

Po can be calculated as follows. The A° is assumed to 
be bound in a potential well with depth proportional 
to the density of nucleons in the core nucleus. Assuming 
the smoothed-uniform nucleon density obtained from 
electron scattering,® 


(2) 


o(r) » ORLY 


the potential can be further reasonably approximated 
by a square well with range R=ao(A—1)! and depth 
independent of A. The well parameters, range parameter 
a=1.19X10-" cm and depth V=21.2 Mev, were 
chosen to reproduce experimental values of the A° 
binding energy, Ba, which increases rapidly from only 
0.2 Mev for the hypertriton to equal average nucleon 
binding energy around A=7 as the A° becomes more 
tightly bound in the larger hyperfragments.’ Since the 
Pauli exclusion principle does not act between the A° 
and the nucleons,* the assumption is made, here and in 
the determination of experimental values of the A° 
binding energy,’ that the A° is in the ground state. The 
A° wave function then has the familiar form 


rK sink'r ‘ 


rKe-k(r-®) sink’R, 


r<R 
r>R’ 


k 4 
2x (kRR+1) 


where k’= (2mV)*, k= (2mB,)}, and m, equal to 2180 
electron masses, is the mass of the A°. 
Finally, 


Po=4r f Vrdr, (4) 
Ro 


where integration over angles has already been per- 
formed. For the case when the nuclear radius Rp is 
taken equal to the well range R, Pp falls from 0.64 at 
A=4 to 0.24 at A=11. For Ro>R, Pp falls still faster. 


5 D. G. Ravenhall and D. R. Yennie, Phys. Rev. 96, 239 (1954). 

6 This fact is demonstrated by the existence of 4H* and He 
and by the fact that the binding energy of the A® in Be’ is greater 
than that of the last neutron in normal Be’, as reported in ref- 
erence 3. 


Ill. DETAILS OF MODELS 
A. Free-Decay Model 


The calculation of the effect of reabsorption of pions, 
which in this model is assumed to account for all ob- 
served nonmesonic decays, is divided into two parts: 
(1) reabsorption of real pions emitted when the A° 
decays inside the core nucleus, and (2) reabsorption of 
pions emitted outside the core nucleus which then 
strike the nucleus. 


1.—The problem of reabsorption inside the nucleus 
is analogous to the problem of the escape of pions in 
photoproduction treated by Brueckner, Serber, and 
Watson.® Following their method when a mean free 
path \ for pions in nuclear matter is known, the core 
nucleus is now assumed to be a homogeneous sphere, 
the A° decaying with equal probability anywhere inside 
the sphere and with isotropic emission of the pion. 
Then, the probability that a pion will be emitted in 
volume element dr and traverse path r to a nuclear 
surface element dS without being absorbed, and thus 
escape through dS, is given by 


dS cos dr 
(4/3)rRo? 





re en, (5) 
aT 


where @ is the angle between r and the normal to dS. 
Integrating over the volume and surface of the nucleus 
gives the total probability, /, that a pion emitted inside 
the nucleus will escape. The result is that obtained for 
the identical treatment of the photomeson problem,’ 


1 Fé .9 
f=3\—e-*(1+")-——+—}, (6) 
x8 x 2s 


where x=2Ro/d. For a mean free path® \=13X10-" 
cm for pions of ~37 Mev [reaction (1)], and for a 
nuclear radius Ry equal to the potential range R given 
in Sec. II, f falls very slowly from 0.91 at A=4 to 
0.87 at A=11. Irrespective of questions of validity of 
the model used here, the relatively large observed 
photopion cross sections seem to exclude the possi- 
bility of absorption of a large number of the pions 
emitted. Experimental photomeson yields’ roughly 
extrapolated to the pion energy under consideration 
indicate only slightly greater absorption than is in- 
dicated by f calculated here. 

The contribution to P, due to decays inside the 
nucleus is given by the product of the probability that 
the A° lies inside the nucleus times the probability f of 
pion escape, 

PAarreorers f(l—Po), (7) 

7 Brueckner, Serber, and Watson, Phys. Rev. 84, 258 (1951). 

§ Frank, Gammel, and Watson, Phys. Rev. 101, 891 (1956). 


*R. M. Littauer and D. Walker, Phys. Rev. 83, 206(A) (1951); 
86, 838 (1952). 
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fragment if the bound hyperon decayed as if it were free, might account for the striking decrease, with 
increasing hyperfragment size, of the number of hyperfragment decays in which a pion is actually observed. 
Optical-model calculations, as well as experimental yields for the analogous process of photopion produc- 
tion inside nuclei, indicate that much too few pions would be reabsorbed. Another model of hyperfragment 
decay, in which nucleons may influence the bound hyperon to decay without real pion emission, could be 


made to fit the data. 





I. INTRODUCTION 


INCE Danysz and Pniewski' first reported the 

decay of a hyperfragment, as a nuclear fragment 
containing a bound A° hyperon is called, many such 
events have been observed.?* Hyperfragment decays 
may be classified into two groups: (1) mesonic decays, 
in which a w meson is observed in the disintegration 
star, and (2) monmmesonic decays, with only nucleons and 
light nuclei emitted. 

The probability P, of mesonic decay as a function 
of the number of particles in the hyperfragment has 
been calculated from a simple theory. For this purpose, 
the hyperfragment is assumed to consist of a A° bound 
to a core nucleus with a definite nucleon distribution 
unaltered by the motion of the A®°. Because the A® 
binding energy is small for the lightest hyperfragments,* 
the A° may exist with large probability where nucleon 
density is negligible, that is, the A° may often lie 
“outside” the core nucleus. The eventual decay of the 
hyperfragment results from decay of the A°, which 
might then occur when the A° is inside or outside the 
nucleus. Without specifying an exact decay mechanism, 
the following decay processes have been considered : 


1. Free decay.—The A° is presumed always to decay 
as if it were free, by the mode: 


A° = p+2-+37 Mev. (1) 


(An alternative mode, with the emission of an un- 
observable neutron and 7°, would not be included in 
the experimentally determined P,.) Reabsorption of 
some of the real pions by nucleons accounts for all 
observed nonmesonic decays. 

2. Stimulated decay.—When in a region of strong 
interaction with a nucleon, the A° may decay without 
emitting a real pion; the A°® has a mean life 7, with 
respect to decay by this process. In addition, the A° 
may decay with pion emission by mode (1), reabsorp- 
tion of real pions then accounting for a few nonmesonic 
decays, also. The mean life for decay by the latter 
process is r, when the A° is away from nucleons and 

* Supported by a grant from the National Science Foundation. 

1M. Danysz and J. Pniewski, Phil. Mag. 44, 348 (1953). 


2 Fry, Schneps, and Swami, Phys. Rev. 99, 1561 (1955). 
* Fry, Schneps, and Swami, Phys. Rev. 101, 1526 (1956). 


7, when it interacts strongly with nucleons. Three 


extreme cases are considered : 


(c) t,’>r,, so that, for practical purposes, the A° 
only decays by emitting a pion when it lies outside a 
region of strong interaction with nucleons. 

Models employing each of these decay schemes have 
been used to calculate P,, and the results were compared 
with experiment. Data to date,’ consisting of about one 
hundred events, indicate a sharp decrease of P, with 
increasing hyperfragment size. All decays were mesonic 
for the lightest observed hyperfragment ,H* (deuteron 
plus A°), about one-half were mesonic in hyperhelium, 
and only two mesonic decays were observed in heavier 
hyperfragments, ,Be® and ,C". Statistics are such that 
it should be sufficient that P, fall from ~90% at A=3 
to 10% around A=9, where A is the number of par- 
ticles in the hyperfragment, including the hyperon. 

As will be shown in Sec. III, the free-decay model 
fails, because too few pions are reabsorbed to account 
for the number of observed nonmesonic decays. The 
stimulated decay model (2c), with r,’>>7,, best repro- 
duces the observed rapid fall of P, with increasing A.‘ 


II. ROLE OF THE A° DISTRIBUTION 


The successful model employing decay process (2c) 
is distinguished from the other models by the fact that 
it limits decay of the A° by real pion emission to regions 
of the hyperfragment where there are few nucleons. It 
will be shown in the next section that the influence of 


4 Note added in proof.—The result r,’>>r, may be partially 
justified by introducing the Pauli principle. One obtains 7,’/74~5 
for A=5 to A=9 from the following calculation suggested by 
Professor W. F. Fry. (See also Ruderman and Karplus, Phys. 
Rev., to be vege Assume that when the A° decays by process 
(1) inside the nucleus, the emission of a proton with momentum 
less than & given by the Fermi sphere for the nucleus is forbidden. 
Then, using the A°® wave function (3) to obtain the A° momentum 
distribution, and assuming isotropic emission of the proton in the 
center-of-mass system, one can calculate the probability P that 
the A° contributes enough momentum to the emitted proton so 
that the total proton momentum exceeds k. P will, of course, also 
be the probability that the A° is mot forbidden to decay by pion 
emission when inside the nucleus. Then, r,’/r,=1/P, since decay 
by pion emission is never forbidden when the A® lies outside the 
nucleus. 
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the nucleons is apparently felt at great enough dis- 
tances so that, within some sphere with origin at the 
center of the core nucleus, nucleons are dense enough to 
prevent decay by the free mode (1) altogether. In fact, 
it turns out that Ro, the radius of this sphere, must be 
chosen so that the nucleon density outside the sphere 
is less than half-maximum. Ry may thus be called the 
radius of the core nucleus. In essence, then, the bound- 
decay model assumes that the A° emits a pion only if it 
decays “outside” the core nucleus. The model succeeds 
because, like P,, the probability Po that the A° lies 
outside the nucleus decreases rapidly with increasing A. 

Po can be calculated as follows. The A° is assumed to 
be bound in a potential well with depth proportional 
to the density of nucleons in the core nucleus. Assuming 
the smoothed-uniform nucleon density obtained from 
electron scattering,® 

1 


Sieger pe (2) 
eir-R)4+ 4 


p(r) =po 


the potential can be further reasonably approximated 
by a square well with range R=a9(A—1)! and depth 
independent of A. The well parameters, range parameter 
a=1.19X10-" cm and depth V=21.2 Mev, were 
chosen to reproduce experimental values of the A° 
binding energy, Ba, which increases rapidly from only 
0.2 Mev for the hypertriton to equal average nucleon 
binding energy around A=7 as the A° becomes more 
tightly bound in the larger hyperfragments.’ Since the 
Pauli exclusion principle does not act between the A° 
and the nucleons,® the assumption is made, here and in 
the determination of experimental values of the A° 
binding energy,’ that the A° is in the ground state. The 
A° wave function then has the familiar form 


rK sink’r ‘ 


rK ek (r-R) sink’R, 


r<R 
r>R’ 


on 
x-|—__] , 
2n(kR+1) 


where k’ = (2mV)}, k= (2mB,)', and m, equal to 2180 
electron masses, is the mass of the A°. 
Finally, 


Po=4r f Vrdr, (4) 
Ro 


where integration over angles has already been per- 
formed. For the case when the nuclear radius Ro is 
taken equal to the well range R, Po falls from 0.64 at 
A=4 to 0.24 at A=11. For Ro>R, Po falls still faster. 


5 D. G. Ravenhall and D. R. Yennie, Phys. Rev. 96, 239 (1954). 

6 This fact is demonstrated by the existence of AH* and aHe® 
and by the fact that the binding energy of the A° in Be’ is greater 
than that of the last neutron in normal Be’, as reported in ref- 
erence 3. 


III. DETAILS OF MODELS 
A. Free-Decay Model 


The calculation of the effect of reabsorption of pions, 
which in this model is assumed to account for all ob- 
served nonmesonic decays, is divided into two parts: 
(1) reabsorption of real pions emitted when the A° 
decays inside the core nucleus, and (2) reabsorption of 
pions emitted outside the core nucleus which then 
strike the nucleus. 


1.—The problem of reabsorption inside the nucleus 
is analogous to the problem of the escape of pions in 
photoproduction treated by Brueckner, Serber, and 
Watson.® Following their method when a mean free 
path A for pions in nuclear matter is known, the core 
nucleus is now assumed to be a homogeneous sphere, 
the A° decaying with equal probability anywhere inside 
the sphere and with isotropic emission of the pion. 
Then, the probability that a pion will be emitted in 
volume element dr and traverse path r to a nuclear 
surface element dS without being absorbed, and thus 
escape through dS, is given by 


dS cos dr 
(4/3)rR o° 





‘ea. (5) 


4rr? 


where @ is the angle between r and the normal to dS. 
Integrating over the volume and surface of the nucleus 
gives the total probability, f, that a pion emitted inside 
the nucleus will escape. The result is that obtained for 
the identical treatment of the photomeson problem,’ 


1 ae 
f=3\—e=(1+2)-—+—}, (6) 
Fo x* 2x 


where x=2Ro/A. For a mean free path? A=13X10-" 
cm for pions of ~37 Mev [reaction (1)], and for a 
nuclear radius Ro equal to the potential range R given 
in Sec. II, f falls very slowly from 0.91 at A=4 to 
0.87 at A=11. Irrespective of questions of validity of 
the model used here, the relatively large observed 
photopion cross sections seem to exclude the possi- 
bility of absorption of a large number of the pions 
emitted. Experimental photomeson yields’ roughly 
extrapolated to the pion energy under consideration 
indicate only slightly greater absorption than is in- 
dicated by f calculated here. 

The contribution to P, due to decays inside the 
nucleus is given by the product of the probability that 
the A° lies inside the nucleus times the probability f of 
pion escape, 


7 Brueckner, Serber, and Watson, Phys. Rev. 84, 258 (1951). 


8 Frank, Gammel, and Watson, Phys. Rev. 101, 891 (1956). 
*R. M. Littauer and D. Walker, Phys. Rev. 83, 206(A) (1951); 
86, 838 (1952). 
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Fic. 1. The prob- 
ability P, of me- 
sonic decay versus 
the number of par- 
ticles A in the hyper- 
fragment for (1) free 
decay model, (2) 
stimulated decay 
model, rz’=r,x, and 
(3) stimulated decay 
model, rz’>>rx. Ex- 
perimental results in- 
dicate all mesonic 
decays for the hyper- 
triton, about one- 
half mesonic decays 
in hyperhelium, and 
less than 10% me- 
sonic decays in heav- 
ier hyperfragments,’ 
in agreement with 
curve (3). 














where Po, the probability that the A®° lies outside the 
nucleus, is given by (4). 

2.—Reabsorption of pions emitted outside the nu- 
cleus may also be treated as a geometrical problem. 
With the assumptions that the A° distribution is given 
by the wave function y in (3), and isotropic emission of 
pions, then the probability that a pion will be emitted 
in volume element dr outside the nucleus and then pass 
through a certain solid angle element dQ is given by 


(d2/4x)ydr. (8) 


Integrating over the solid angle subtended by the core 
nucleus at dr and then integrating (numerically) over 
all space outside the nucleus gives the total probability, 
P, that a pion will be emitted outside the nucleus and 
then strike the nucleus. P has a value ~0.2P> for the 
range of interest, A <12. 

The probability that pions will be reabsorbed de- 
pends on P and on the absorption cross section. Sub- 
tracting the probability of reabsorption from that of 
emission, one obtains a second contribution to P,, 
namely, the probability that a pion will be emitted 
outside the nucleus and then escape without being 
reabsorbed, 

P;—P(a/o,). (9) 


Here, o, is the geometrical cross section of the core 
nucleus, and ¢ is the absorption cross section for 37- 
Mev pions in nuclear matter. 

Values of ¢, ~0.250, for A<12, were obtained from 
the relation” o= (f/A)[(4/3)aRo* ]. For values f calcu- 
lated above, o agrees to within 3% with values ob- 
tained from o=nAcy, where o7=17 mb is the experi- 
mental absorption cross section for 37-Mev x~ mesons 
in hydrogen," and , a factor accounting for nuclear 
binding effects, has a value 0.4 in agreement with 
experimental absorption cross sections of 25-45-Mev 
a+ mesons in both aluminum” and lead." (¢ is about 

” N. C. Francis and K. M. Watson, Phys. Rev. 89, 328 (1953). 

1 C, E. Angell and J. P. Perry, Phys. Rev. 90, 724 (1953). 


2 J. F. Tracy, Phys. Rev. 91, 960 (1953). 
3K. J. Button, Phys. Rev. 88, 956 (1952). 


the same for positive and negative pions.) Also, the 
values o are consistent with the results of Bernardini 
and his co-workers." 

Combining (7) and (9), one obtains for the proba- 
bility that a w meson will be observed in a hyper- 
fragment decay, 


P,=f(1—Po)+[Po—P(e/o,) }. (10) 


The result is curve (1) in Fig. 1. P, decreases much too 
slowly as a function of A. In fact, even if the value for 
the mean free path \ were two or three times smaller 
than that used, and hence the absorption much greater, 
(10) still would not produce the observed fall-off of 
P, with increasing A. It is to be concluded that the 
free-decay model, accounting for nonmesonic decays by 
reabsorption of pions, does not represent the process of 
hyperfragment decay. 


B. Stimulated Decay Models 


According to these models, the presence of nucleons 
may cause the A® to decay nonmesonically, that is, 
without emitting a real pion. Given a volume element 
dr at a distance r from the center of the core nucleus, 
let g(r) be the probability that a A° in dr is influenced 
by nucleons and is thus able to decay nonmesonically. 
Then, the reasonable assumption is made that 


g(r)=Cp(r), (11) 


where p(r) is the nucleon density at dr, and C is a 
constant of proportionality. The exception is made that 
g(r)=1 in any regions where p(r) is so large that 
Cp(r)>1. When the A° lies in such regions, there is 
always at least one nucleon close enough to the A° to 
influence its decay. Since the nucleon density (2) is a 
spherically symmetric, monotonically decreasing func- 
tion of the radial distance 7, the only region where 
Cp(r)>1 must be a sphere with origin at r=0, the 
center of the core nucleus, and with radius, Ro, such 
that 

Cp(Ro)=1. (12) 
Then 

1 ’ r<Ro 


Co(r), 


Multiplying g(r) by the probability ¥°dr that the A° 
lies in volume element dr, where y is the A°® wave func- 
tion (3), and integrating over all space, one obtains the 
total probability, G, that the A° is influenced by nu- 
cleons and thus has the opportunity to decay non- 
mesonically.'® 


Ro c) 
G=4r f Vrdr+4e | Co(r\Wrdr, (13) 
0 Ro 


g(r) = (11A) 


r>Ro. 


“4 Bernardini, Booth, and Lederman, Phys. Rev. 83, 1075 
(1951); G. Bernardini and F. Levy, Phys. Rev. 84, 610 (1951). 

18 A result similar to (13), derived classically here, is obtained 
quantum-mechanically for the model reported by W. Cheston 
and H. Primakoff, Phys. Rev. 92, 1537 (1953). See their Eq. (16a), 
analogous to (16) here. 
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where integration over angles has already been per- 
formed. It is to be understood that, if Cp(r) never 
exceeds unity, then Ro=0 and the first integral drops 
out. For convenience in integrating (13), the nucleon 
density function (2) is approximated by 


oo(2—e-#®-"), 


r)= 
o( ) 1 pe 2 (r—-R) 


r<R 
r>R. 


(14) 


Values gR=8 and R equal to the potential range given 
in Sec. II give reasonable agreement with known nu- 
cleon distributions.‘ 

Expression (13) does not apply to the hypertriton 
with its loosely bound deuteron core nucleus. G for this 
case can be estimated by interpreting C in (11) to be 
the volume of a sphere, centered on a nucleon, inside 
which the A° may be influenced to decay nonmesoni- 
cally. Then nonmesonic decay occurs only in a fraction 
2C/v of the deuteron volume v= (4/3)rR., where 
Ra=5X10-" cm is the deuteron “radius.” For the 
hypertriton, 

G=(2C/v)(1— Po). (15) 
G is not very sensitive to Po, the probability that the 
A° lies “outside” the deuteron. Py is ~0.60, as calcu- 
lated by the procedure of Sec. II with the assumption 
(crude in this case) that the A° is bound in a square- 
well potential with range R= Rg and shallow well depth 
V=2.6 Mev chosen to produce the observed binding 
energy B,=0.2 Mev 

The probability per unit time, R,, that the hyper- 
fragment decays nonmesonically is given by the product 
of the probability, G, that the A° is influenced by 
nucleons and thus has the opportunity to decay by 
this mode, times the rate of decay, 1/Tn, where rT, is 
the mean life for nonmesonic decay of the A°; that is, 


R,=G/t.. (16) 


Since G is the probability that nucleons influence the 
decay of the A°, then G is also the probability that the 
A° decays by pion emission with a mean life 7,’, and 
(1—G) is the probability that it decays by pion emis- 
sion with mean life 7,. Then, the probability per unit 
time, R,, that the hyperfragment decays with the 
emission of a pion is 


R,=G/t,'+(1—G)/rx. (17) 


The ratio, Y, of the number of nonmesonic decays to 
the number of mesonic decays is then the ratio of the 
two transition rates, (16) and (17), 


a G/tn 


“= ' (18) 
R, G/ts'+(1-G)/te 





and the probability of mesonic decay is 


P,=1/(1+Y). 
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Small corrections to P,, consistent with the results of 
Sec. III(A) must be made for the few real pions re- 
absorbed by nucleons. 


1. Let r,/Kr,. Then Y in (18), and hence P, in 
(19), is a constant, 7,’/r». This result totally contra- 
dicts experimental results for P,. 

2. Let r,’=7,. Then Y in (18) becomes, 


Tr 
(20) 


Y as given by (20), and hence P, in (19), proves to be 
relatively insensitive to the adjustment of parameters 
Ry and q. For values of nucleon distribution parameters 
q and R given above, the best result for P, is curve (2) 
in Fig. 1, with Ro=0 and the product of constants 
Cpo(7s/Tn) =2.9 to give P,=0.50 for A=4. As for the 
free decay model, the rate of decrease with increasing 
A of P, is much slower than the observed rate. 
3. Let 7,’>>7,. Then Y in (18) becomes 


¥ G/tn ( G \T; 
“te... rape 


As was indicated in Sec. II, Y given by (21) is now 
more sensitive to Ro as a parameter. Y changes at a 
sufficient rate for a value Ry=1.2R, where R, a function 
of (A—1)!, is the nucleon distribution parameter in 
(14), which is taken equal to the range of the potential 
binding the A°, as given in Sec. II. For this value Ro, 
p(Ro) is less than half the maximum nucleon density. 
Also, take gR=8 in (14), and 7,/7,™1. Calculation of 
P, by (19), using these parameters for Y in (21), gives 
as a satisfactory result curve (3) in Fig. 1. 


(21) 


IV. SUMMARY 


It appears that reabsorption of real pions emitted in 
hyperfragment decay plays a minor role in producing 
observed nonmesonic decays. Thus a model assuming 
that the bound A° always decays as if free with real 
pion emission is untenable. 

The number of mesonic decays seems to be pre- 
dominantly a function of the probability, large for the 
lightest hyperfragments, that the bound A° lies outside 
the influence of nucleons. This suggests that the exact 
mechanism of hyperfragment decay should largely 
exclude any real pion emission if the A°® decays while 
interacting strongly with nucleons. 
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The speed of cosmic-ray particles was measured using a three-channel time-interval-measuring modified 
chronotron circuit. Results concerning mu-mesons agree with those theoretically expected. For cosmic-ray 
particles of speeds higher than 0.64 times that of light, about 1.50.8 percent of high-speed ionizing par- 


ticles (excluding electrons) at sea level are protons. 





ITH the use of cloud chambers operated in 
uniform magnetic fields) many measurements 
have been made on the momentum of cosmic-ray 
particles.’ If one has also knowledge of the specific 
ionization, or range, or momentum loss of the particle 
itself, or the direction and momentum of a collided 
particle, one can also determine the speed of the 
particle. However, frequently, especially for the pur- 
pose of selecting or discriminating against special 
events, it is highly desirable to be able to measure the 
speed of high-speed particles directly, and preferably 
by electronic means. 
In the following we describe an experiment in which 
the speed of cosmic-ray particles was measured making 
use of a millimicrosecond timing circuit. 


I. EXPERIMENTAL APPARATUS 


The fast timing circuit used was a three-channel 
time-interval-measuring modified chronotron circuit.?: 
The two signal pulses, whose time delay was to be 
measured, were fed into two transmission lines, between 
which at regular intervals diode detectors were con- 
nected. Also, the width of the input signals was made 
much smaller than the RC time constant of each 
detector.‘ 

A block diagram of the recording circuit is shown in 
Fig. i. S; and S; were two anthracene-in-polystyrene 
plastic scintillators.’ They were shaped at both ends to 
be coupled optically to two RCA 5819 photomultiplier 
tubes. The pulse from one phototube coupled to each 
scintillator was separately amplified by a Hewlett- 
Packard 460A distributed amplifier and then by another 
fast amplifier. This pulse was then shaped to a width 
of 1.4 my sec. The two pulses thus obtained from the 
two scintillators were fed into the two input ends of 
the two transmission lines in the chronotron circuit. 


* This experiment was carried out in Ryerson Physical Labora- 
tory, Department of Physics, University of Chicago, supported 
by the joint program of the Office of Naval Research and the 
U. S. Atomic Energy Commission. 

1 See, for example, W. L. Whittemore and R. P. Shutt, Phys. 
Rev. 86, 940 (1952). 

2 Neddermeyer, Althaus, Allison, and Schatz, Rev. Sci. Instr. 
18, 488 (1947). 

3 J. W. Keuffel, Rev. Sci. Instr. 20, 197 (1949). 

“H. K. Ticho, University of California at Los Angeles Tech- 
nical Report (unpublished). 

. N. Chou, Phys. Rev. 87, 376 (1952); Phys. Rev. 87, 903 


These portions of the circuit dealt with pulses in the 
working range of the order of my sec and are labelled 
as “fast” in the diagram with heavy black lines. The 
outputs of this circuit were then amplified, delayed, 
and mixed, to be mixed again with the pulses corre- 
sponding to the energy losses of the particle in the two 
scintillators and detected by the other two coupled 
phototubes. 

The pulse from each of these other two phototubes 
coupled to the two scintillators was separately ampli- 
fied, delayed, shaped, and attenuated. The two pulses 
thus obtained from the two scintillators were then 
mixed. Part of the output was delayed and amplified 
for better exhibition of small pulses. These pulses were 
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Fic. 1. Block diagram of the recording circuit. The abbreviations 
have the following meanings: S; and S2, plastic scintillators; 
5819, RCA 5819 photomultiplier tube; PA, preamplifier; A, am- 
plifier; DL, delay line unit; PS, pulse shaping unit; AT, at- 
tenuator; M, mixing unit; DA, distributed amplifier; FL, feed- 
back amplifier loop; VD, voltage discriminator; CC, coincidence 
circuit. The approximate wave forms at various points are indi- 
cated. The numbers below PS and DL give the width of the pulse 
and the time of delay, respectively, in usec. “Fast” portions of 
the circuit are shown in heavy black lines. 
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then mixed with the original pulses (before being 
amplified and delayed) and also with the pulses from 
the output of the chronotron as described above. They 
were now fed into the vertical amplifier of the syn- 
chroscope and were ready to be displayed on the scope 
provided that the sweep of the latter was triggered by 
the following coincidence circuit. 

Part of the output of the amplified pulse due to 
energy loss in each scintillator was separately shaped 
and fed into a voltage discriminator. The outputs of 
these discriminators were fed into a coincidence circuit, 
whose output triggered the synchroscope. 

The displayed tracing of pulses was photographed by 
a camera. A gate pulse from the synchroscope then 
actuated a univibrator and relay and hence a mechani- 
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Fic. 2. Pulse-height distributions of pulses due to energy 
losses in the two scintillators. The solid-line histogram is for 
scintillator S,, and the dotted-line one for scintillator S2. 


cal register and a camera drive to advance the film 
forward by one frame and to wait for the next event. 

A fast-pulse generator of the discharge-line type was 
used for calibration purposes. It fed fast signals of known 
time delays into the two transmission lines of the 
chronotron. 

During the experiment, a lead block 10 cm thick 
used as a filter was placed above the scintillators as 
shown in the inset of Fig. 2. 

The experiment was carried out about 600 ft above 
sea level at 51°N geomagnetic latitude. About 3000 
events were recorded and analyzed. 


II. PROCEDURE AND ANALYSIS 


When a fast particle passed through the two scintil- 
lators successively, two pulses from the scintillators 
met in the chronotron and produced in the output 
three pulses of different heights (corresponding to the 
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Fic. 3. Chronotron pulse-height distributions for particles of 
group I. The solid-line histogram is for the left-hand pulse Pz, 
and the dotted-line one for the right-hand pulse Pr. The unit 
pulse height used in the ordinate is equal to four times the nor- 
malized unit used in the abscissa. 


three channels), depending upon the time delay be- 
tween the two pulses. This time lag gave the speed of 
the particle since the distance between the scintillators 
was known. For calibration purpose, various known 
lengths of transmission line were introduced into one 
branch of the circuit connecting the pulser to the 
chronotron. We label the three pulses of the chronotron 
record as the left-hand pulse Pz, the middle pulse, and 
the right-hand pulse Pr, as they appear on the film. 
The height of the middle pulse is normalized to 100 
units, and the pulse heights of P; and Pz are expressed 
in terms of this “normalized unit.” The results of the 
calibration of the chronotron are shown in the inset of 
Fig. 3, in which the pulse heights of pulses Pz and Pr 
are plotted vs the known time delay. 

For each ionizing particle recorded, its energy loss in 
each scintillator was also measured and recorded on the 
synchroscope display as explained above. In Fig. 2 are 
plotted the distributions of these pulses due to energy 
losses in the two scintillators. They are of the approxi- 
mately Landau type. For scintillator S, the line H, is 
drawn such that the area of the solid histogram at the 
right-hand side of it is 0.1 of the total area of the solid 
histogram. Similarly, for scintillator S., the area of the 
dotted histogram at the right-hand side of the line H, 
is 0.1 of the total area of the dotted histogram. 

We separate all the observed particles into two 
groups. In group I are particles whose energy losses in 
the two scintillators were less than H, or H2, respec- 
tively. In group II are particles whose energy losses in 
the two scintillators were greater than H,; and Hz, 
respectively. The distribution of the chronotron pulses, 
P;, and Pp for particles of group I is plotted in Fig. 3. 
A similar distribution for particles of group II is 
plotted in Fig. 4. 
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Fic. 4. Chronotron pulse-height distributions for particles of 
group II. The upper histogram is for the left-hand pulse Pz, and 
the lower one for the right-hand pulse Pz. The unit pulse height 
used in the ordinate is equal to four times the normalized unit 
used in the abscissa. 


III. RESULTS AND DISCUSSION 


Since 10 cm of lead was placed above the scintillators 
as filter, we assume that only mu mesons and protons 
were recorded in the present experiment. From the 
consideration of range, the particles observed were 
limited to mu mesons of 8 equal to 0.93-1.00, and 
protons of 8 equal to 0.64-1.00, where 8 represents the 
ratio of the speed of the particle to that of light. The 
lower limits of the value of the momentum measured 
were 2.4moc (or 257 Mev/c) and 0.83Moc (or 779 
Mev/c), respectively, where mo and Mo denote the rest 
masses of mu-mesons and protons, respectively. With 
the separation between the scintillators equal to 17.8 
cm, the time delay between the time of traversing the 
upper scintillator and that of traversing the lower one 
were 0.64—0.59 mu sec for mu mesons and 0.92-0.59 mu 
sec for protons, respectively. From Fig. 3 and the 
chronotron calibration in the inset, we see that the 
maxima of P; and Pe for particles of group I fall in 
the time interval 0.6-0.7 my sec, within the statistical 
fluctuations. This group of particles should consist 
mostly of relativistic mu mesons. 

We have 57 events in group II of the particles. From 
the criteria of selecting the particles of this group, we 
expect that 0.1X0.1X2700, or 27 events were mu- 
mesons of large energy losses in both scintillators. The 
remaining 30 events should be due to protons, since 
we assume that only mu mesons and protons were 
recorded. We know that the energy loss of protons of 
speeds around 0.6 that of light is about twice its 
minimum value at higher speeds. This is in agreement 
with the shift of the maxima of P, and P, for particles 
of group II in Fig. 4, as indicated by the chronotron 
calibration given in the inset of Fig. 3. 

We now proceed to estimate the contribution of high- 
speed protons to the spectrum of high-speed ionizing 
particles at sea level. We make use of the empirical 
momentum spectrum of the particles penetrating 10 cm 
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of lead at sea level, and normalize it to the data of the 
present experiment. We also make use of the fact that 
while the intensity of primary protons at the top of 
the atmosphere is about twenty times the mu-meson 
intensity at sea level,’ only about 0.5 percent of the 
sea-level intensity is left as protons of high energy 
because of the loss through nuclear interactions in the 
atmosphere. From these and our data we find that for 
particles of speeds higher than 0.64 times that of light 
about 1.50.8 percent of high-speed ionizing particles 
at sea level are protons. This result can be compared 
with the result of momentum measurement? that for 
momenta higher than 0.7 Bev/c less than four percent 
of all ionizing particles at sea level are protons and 
that for higher momenta the fraction is much less. 

For a fixed distance between the scintillators, let » 
and ¢ denote the speed of the particle and the time of 
traversal between the two scintillators, respectively. 
We then have the relation 


Av/v= At/t. 


While A? is a more or less fixed quantity in a particular 
experimental setup, the accuracy of individual speed 
measurement can be increased by increasing the value 
of t, ie., by increasing the distance between the 
scintillators. 

The spread of the individual measurements about the 
most probable value in the chronotron records can be 
improved considerably by more careful selection of 
diode detectors and by more efficient temperature 
control of the surroundings. 

Also, if higher accuracy is desired, a greater number 
of channels for the chronotron is desirable. 

Obviously, with suitable modifications, this circuit 
can be combined with other accessory circuits for the 
purpose of selecting or discriminating against special 
events in cosmic-ray or high-energy phenomena, based 
upon the speed distributions of the primary or second- 
ary particles. 
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The elastic scattering of 188-Mev electrons from gaseous targets of hydrogen and helium has been studied. 
Elastic profiles have been obtained at laboratory angles between 35° and 138°. The areas under such curves, 
within energy limits of +1.5 Mev of the peak, have been measured and the results plotted against angle. 
In the case of hydrogen, a comparison has been made with the theoretical predictions of the Mott formula 
for elastic scattering and also with a modified Mott formula (due to Rosenbluth) taking into account both 
the anomalous magnetic moment of the proton and a finite size effect. The comparison shows that a finite 
size of the proton will account for the results and the present experiment fixes this size. The root-mean- 
square radii of charge and magnetic moment are each (0.74+-0.24) X 10-" cm. In obtaining these results it is 
assumed that the usual laws of electromagnetic interaction and the Coulomb law are valid at distances less 
than 10" cm and that the charge and moment radii are equal. In helium, large effects of the finite size of 
the alpha-particle are observed and the rms radius of the alpha particle is found to be (1.60.1) X10—* cm. 





I. INTRODUCTION 


N principle, it is possible to discover the finite size 
and structure of nuclei by methods of elastic elec- 

tron scattering at high energies.'~* It is even possible 
to determine the structure of the proton by these 
methods.‘ For the light nuclei the Born approximation 
is adequate to analyze the experimental data, while for 
heavier nuclei such as gold or even copper® Yennie et al. 
have shown that a more accurate phase shift analysis 
is required. 

The proton, deuteron, and alpha particle are most 
interesting to study because they are among the 
simplest nuclear structures. Furthermore, nuclei are 
built up out of protons and neutrons and it is fascinating 
to think of what the proton itself is built. In this paper 
we shall examine the structure of the proton and alpha 
particle. In an earlier paper® the scattering from the 
deuteron was reported. 


* The research reported in this document was supported jointly 
by the U. S. Navy (Office of Naval Research) and the U. S. Atomic 
Energy Commission, and by the U. S. Air Force through the Air 
Force Office of Scientific Research, Air Research and Development 
Command. 

+ Aided by a grant from the Research Corporation. 

t These results were briefly reported at the Seattle Meeting of 
the American Physical Society, in July, 1954, but a comparison 
was not made at that time with the Rosenbluth results. 

§ Miss Eva Wiener assisted in the early phases of this research. 
She was the victim of a fatal automobile accident in 1953. 

|| Some of the material now reported was published earlier in 
brief form, viz., R. Hofstadter and R. W. McAllister, Phys. Rev. 
98, 217 (1955). 

{ Note added in proof —Results more recent than those reported 
in this paper and extending to 550 Mev, were presented at the 
New York meeting of the American Physical Society [Bull. Am. 
Phys. Soc. Ser. II, 1 (1956)] by Hofstadter, Chambers, and 
Blankenbeder. The newer experiments confirm in greater detail 
the results presented in this paper. The newer results are being 
submitted for publication in The Physical Review. 

1 Hofstadter, Fechter, and McIntyre, Phys. Rev. 91, 422 
(1953). 

2 Hofstadter, Fechter, and McIntyre, Phys. Rev. 92, 978 (1953). 

8 Hofstadter, Hahn, Knudsen, and McIntyre, Phys. Rev. 95, 
512 (1954). 

( 4R. Hofstadter and R. W. McAllister, Phys. Rev. 98, 217 
1955). 

5 Yennie, Wilson, and Ravenhall, Phys. Rev. 92, 1325 (1953). 

6 J. A. McIntyre and R. Hofstadter, Phys. Rev. 98, 158 (1954). 


II. EXPERIMENTAL METHODS 


Many of the experimental procedures have been 
reported in earlier papers.2* The only important new 
variation over earlier methods has been the substitution 
of a gaseous target for the previously used metallic foils. 
The gaseous target will now be described. 

In Fig. 1, the basic design of the target assembly is 
given. The cylinder is made of 410 stainless steel and 
has been heat-treated to increase its strength. The end 
plates are made of 0.010-inch stainless steel and are 
deformed by the high-pressure gases into the approxi- 
mate shape shown in the figure. The target cylinder is 
3% inches long and ? inch in diameter. The end plates 
are sealed by means of 0-rings shown in the figure. 
Pressures as high as 2000 pounds per square inch have 
been used successfully in this chamber over long 
periods of time. 

The geometry of the scattering experiment using the 
gaseous target chamber is shown in Fig. 2. Because of 
the double-focusing characteristic of the magnetic spec- 
trometer and because of the defining slits at the entrance 
and exit of the spectrometer, the effective target viewed 
by the spectrometer has the appearance indicated 
schematically in Fig. 2. It is evident that to a very 
good approximation the scattering yield at any given 
angle will be proportional to the cosecant of the angle 
of observation in the laboratory system since the 
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Fic. 1. Basic design of the gas chamber. 
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Fic. 2. Arrangement of parts in experiments on electron 
scattering from a gas target. 


target thickness viewed by the spectrometer is pro- 
portional to this trigonometric function. Thus, to 
normalize the data to the same target thickness, the 
yield at any angle must be divided by the cosecant of 
the angle. In these experiments the effective target 
width viewed by the spectrometer is approximately 4 
inch at the gas chamber and this dimension is given by 
the vertical exit slit width (0.5 inch) imaged at the 
source. 

The slit defining the acceptance angle in the plane 
common to the beam, scattering target, and entrance to 
the spectrometer, was ? inch wide and is indicated in 
Fig. 2. The exit collimator at the top of the magnet had 
a horizontal slit § inch wide defining the energy band 
accepted by the Cerenkov detector, and a vertical slit 
4 inch wide. The vertical slit, together with the ? inch 
entrance slit, served to define the effective width of the 
target. In all the experiments herewith reported the 
incident beam was monochromatic within +1.0 Mev 
in 187 Mev. 

At small angles, that is, angles less than 30°, it is 
possible for the spectrometer to view the end walls of 
the chamber and thus accept spurious electrons scat- 
tered by the target end plates. At 35° and 40°, a small 
residual effect of this type is present and is always sub- 
tracted from the yield furnished by the gas plus the 
target chamber. In other words, the scattering intensity 
is measured first with the gas in the chamber and then 
again with the gas removed from the target. The latter 
measurement gives the “background” due to the end 
wall effects. At all other angles, this effect is negligible. 

Multiple scattering and radiation straggling from the 
0.018-inch cylinder walls introduce only minor errors at 
the angles studied. This has been determined empiri- 
cally by inserting a 0.010-inch stainless steel test ab- 
sorber in the position so marked in Fig. 2. The test 
absorber was placed in the path of electrons scattered 
at angles 50°, 90°, and 130°. Elastic profiles were 
measured with the test absorber in and out of the path. 
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The peak of the elastic scattering profile was reduced 
1 percent per mil of stainless steel in the direction of 
the scattered electrons, but the half-width of the curve 
was also increased by an amount such that the area 
under the elastic curve was the same, within 5 percent, 
whether the test absorber was in or out. This behavior 
may be understood as follows: The double focusing 
action of the spectrometer assures collection of all the 
electrons directed into the effective solid angle of the 
spectrometer, whether multiply-scattered or not and 
brings them to a focus beyond the energy slit (and from 
there into the Cerenkov detector). The only effects of 
multiple-scattering in the chamber walls are (a) to fuzz 
out the source of the scattered electrons in the gas, i.e., 
to increase or decrease the depth from which the 
scattered electrons appear to emerge from the target, 
(b) to reduce the angular resolution, and (c) to mix 
electrons scattered originally at different angles. Effect 
(a) may easily be seen to be of negligible importance. 
Effect (b) amounts to approximately (A@)rms=-+1°. 
Since the angular opening of the lower spectrometer 
slit is +2° and the multiple scattering is essentially 
Gaussian, the uncertainty in measuring the scattering 
angle is not appreciably increased by the effect of the 
side walls. The incoming end plate also contributes an 
uncertainty of (A@)rms=2+0.7°. The resulting uncer- 
tainty, combining all causes, is approximately (A@);ms 
=+2.4°. The effect of multiple scattering in the 
hydrogen or helium gas volumes is of the order of 0.1° 
and hence negligible. In case (c), the error so introduced 
is of the order of tenths of a percent and is here neg- 
lected. In fact, plural scatterings are eliminated because 
of the energy selection of the spectrometer. 

Radiation straggling of the electrons coming out 
through the walls of the chamber may be shown theo- 
retically to contribute not more than a 5 percent relative 
correction between 50° and 90° and an equal figure 
between 90° and 130°, i.e., both the 50° yield and the 
130° yield would each be lowered by something less 
than 5 percent with respect to the 90° yield. Our experi- 
ments with the test absorber have not demonstrated a 
consistent loss greater than 5 percent which could be 
attributed to straggling in the chamber walls. The 
statistical accuracy and drifts of the apparatus could 
have concealed an error of the order of 5 percent. 
Hence, we have not made a correction for straggling. 

The lining-up procedure used a CsBr(TI) crystal 
which could be moved remotely into or out of the beam. 
The crystal was placed along the beam axis just outside 
the scattering chamber. When it was desired to know 
the position of the beam, the crystal was moved into 
the beam and observed with a telescope. When the 
beam was lined up, say within +7, inch at the target, 
the crystal was withdrawn. Periodic checks showed 
whether or not the beam had moved. Very little beam 
motion was observed after an initial alignment. 

An ion chamber was used in the early runs as a 
monitor of the incident beam, and a secondary electron 
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emitter’ in the later runs. The ion chamber showed a 
small amount of saturation at large beams and its runs 
were corrected by the empirically determined calibra- 
tion of ion chamber versus secondary electron emitter. 
No correction so obtained was larger than 10 percent. 
If the correction had not been included, the proton size 
(see below) would have been a trifle larger. 

The theoretical Schwinger radiation correction has 
not been applied since its angular dependence is very 
weak and well within the statistics of our experimental 
observations. 


Ill. RESULTS 
A. Hydrogen 


Typical elastic profiles observed in a run with hydro- 
gen at an incident energy of 185 Mev are shown in 
Fig. 3. Because of recoil of the struck proton the energy 
of the elastically deflected electron is a decreasing func- 
tion of the angle of scattering. This may be observed 
by noting the variable position of the peaks in Fig. 3. 
Figure 4 shows the theoretical behavior of the energy 
of the scattered electron plotted against laboratory 
scattering angle for an incident energy of 187 Mev. 
The solid points show the positions of the peaks of the 
elastic scattering curves taken at the various angular 
positions during an experimental run at 187 Mev. The 
agreement is excellent except at extreme angles where 
small deviations are observed. The deviations are 
actually expected because of an increasing energy loss 
in the wall as the angle of entry becomes more and more 
oblique. The observed reduction in energy of the 
scattered electrons below the theoretical curve is in 
good agreement with the energy loss in the wall. 

Because of the variation in energy of the scattered 
electrons we have been concerned that the solid angle 
effective in collecting electrons could have been smaller 
at small angles (high energies), where magnet saturation 
is important, than at large angles (smaller energies), 
where saturation is less important. To test this possi- 
bility we have measured the number of scattered elec- 
trons as a function of the entrance slit width at both 
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Fic. 3. Typical elastic profiles obtained with 
hydrogen gas at 185 Mev. 


7G. W. Tautfest and H. R. Fechter, Phys. Rev. 96, 35 (1954); 
Rev. Sci. Instr. 26, 229 (1955). 
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Fic. 4. The solid line gives the theoretical energy of the 
scattered electrons for an incident energy of 187 Mev. Relativistic 
kinematics are used to obtain the theoretical curve. The experi- 
mental points correspond to peak values of the elastic profiles 
and refer to experimental observations. 


high (188 Mev) and low (139 Mev) energies. We have 
found that in both cases the number of scattered elec- 
trons for the #-inch entrance slit width is 15 percent 
below the number expected from the initial slope of the 
curve of number of scattered electrons versus slit 
width. The 15 percent reduction is due to the widest 
trajectories striking the magnet chamber walls. In the 
radial direction in the magnet no electrons are lost 
because of the small extent of the beam in this direction. 
In other words, the effective solid angle is the same at 
both low and high energies provided that the entrance 
slit width is not larger than ? inch. Hence correction 
for magnet saturation is not required. 

Areas under the elastic peaks, such as those of Fig. 3, 
have been measured by numerical integration over a 
width of +1.5 Mev about the peak. Such values have 
been plotted against laboratory angle as in Fig. 5. 
Areas over +2 and +2.5 Mev widths have also been 
obtained by numerical integration, but the relative 
results are essentially the same. Only the +1.5 Mev 
results will be presented below. 

Figure 5 presents a summary of all the data obtained 
over a period of several months. It may be noticed that 
the experimental spread of points is somewhat larger 
than the statistical errors might lead one to expect. 
The causes of the spread are probably connected with 
small, unnoticed horizontal shifts of beam, hysteresis in 
the spectrometer magnet, small changes in the bias of 
the Cerenkov counter detection equipment, variations 





R. W. McALLISTER AND R. 





T T T 
ELECTRON SCATTERING 
FROM HYDROGEN ——~ 
(188 MEV LAB) 

















POINT CHARGE, 
POINT MOMENT — 
(ANOMALOUS) 

CURVE > 


NY 
aw 


EXPERIMENTAL CURVE 


5, 
8 

















ro} 
: 
+ 





(b) 
O'R 
CURVE 


~~ | 
30 50 70 90 Ho 130 150 


LABORATORY ANGLE OF SCATTERING (IN DEGREES) 


CROSS SECTION IN CM’/STERAD 





























Fic. 5. Curve (a) shows the theoretical Mott curve for a spinless 
point proton. Curve (b) shows the theoretical curve for a point 
proton with the Dirac magnetic moment, curve (c) the theoretical 
curve for a > proton having the anomalous contribution in 
addition to the Dirac value of magnetic moment. The theoretical 
curves (b) and (c) are due to Rosenbluth.* The experimental 
curve falls between curves (b) and (c). This deviation from the 
theoretical curves represents the effect of a form factor for the 
proton and indicates structure within the proton, or alternatively, 
a breakdown of the Coulomb law. The best fit indicates a size 
of 0.70X 10-* cm. 


in saturation of the ion chamber monitor response and 
in the integrating voltmeter, and perhaps other un- 
known items. In Fig. 5 we have drawn a curve, labeled 
“experimental curve,’’ which is our best estimate of the 
accumulated data at 188 Mev. The limits of error 
represent the greatest variations we have observed in 
any runs. However all runs, not being absolute, are 
normalized to each other by “‘best fitting.” The experi- 
mental curve is also normalized to the theoretical curve 
at small angles. Also plotted in Fig. 5 are (a) the theo- 
retical Mott curve for a spinless point proton, (b) the 
theoretical curve for a point proton with the Dirac 
value of magnetic moment (gyromagnetic ratio 2.00), 
(c) the theoretical curve for a point proton with the 
anomalous value of the proton moment in addition to 
the Dirac moment (gyromagnetic ratio=5.58). The 
theoretical curves (b), (c) are obtained from calcula- 
tions of Rosenbluth.* The experimental curve deviates 
from curves (a), (b), and (c) at the larger angles and is 
lower than the curve for a point proton with anomalous 
moment, but higher than the curve for a point proton 
with Dirac moment. This reduction at large angles 
below the curve for point charge represents the effect 
of a “structure factor’ or a “form factor” for the proton 
and hence indicates the finite size of the proton. Since 
the usual electromagnetic relations and the Coulomb 


®M. N. Rosenbluth, Phys. Rev. 79, 615 (1950). 
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interaction have been used in Rosenbluth’s calculation, 
we are here assuming the validity of these interactions 
at small distances (<10-" cm). Subject to this assump- 
tion, the experiment indicates the proton is not a 
point. 

In order to carry out the form factor calculations, we 
have made use of Rosenbluth’s formalism.* However 
we have given the charge and magnetic moment 
phenomenological interpretations in place of the meson 
theoretic interpretations originally presented by Rosen- 
bluth.* We may write Rosenbluth’s formulas as follows: 
for a point charge we have 


o=ons| 14+—_ra(1-+u)? tan?(6/2)-+u*]}, (1) 
4M? 


where 


e /cos*(6/2) 1 
ven : ) . TaHee * 
4E?\ sin*(0/2)/1+(2E/M) sin?(6/2) 





and where 
_ Q/R) sin(@/2) 
O14 (2E/M) sin2(/2) 


Here natura] units, h=c=1, are used and the equations 
are written in terms of the laboratory coordinates; q is 
the invariant momentum transfer in the center-of-mass 
frame expressed in laboratory coordinates; E is the 
energy of the incident electrons; M the mass of the 
proton, and yw is the anomalous part of the proton’s 
magnetic moment (u= 1.79). X is the reduced de Broglie 
wavelength of the electron in the laboratory system. 
For a diffuse proton we may write: 


(3) 





2 
o=oNs P+ —_[2(Pr+- uP)? tan? 0/2)-+0F et] , (4) 


where F; is the charge form factor (which also influences 
the intrinsic “Dirac” magnetic moment) and F; the 
anomalous magnetic moment form factor. In principle 
F, does not have to be the same as F>. F; and Fz may 
be written as functions of (g(r)), where (7) is the root- 
mean-square radius of the appropriate charge, or mo- 
ment distribution. F, and F, may also be identified 
with e’/e and k’e’/koe in Rosenbluth’s article. 

We have not made detailed analyses for different F; 
and F». Rather, as may be seen below, we have assumed 
F,=F,. However, the data at all energies are quite 
consistent with this choice. 

At the energies used in these experiments, the form 
factor (F; or F,) is not appreciably shape dependent, 
ie., one cannot distinguish between uniform, expo- 
nential, or Gaussian charge (or magnetic moment) 
distributions. All that can be determined is a mean 
square radius. Therefore we have tried to fit the experi- 


®We are indebted to Dr. D. R. Yennie for formulation of 


Eqs. (1)-(4). 
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mental data with a phenomenological form factor corre- 
sponding to various values of the mean square radii 
up to values of g(r)1.0. ¢ is again the momentum 
transfer and (r) the root-mean-square radius of the 
charge or magnetic moment distributions. For sim- 
plicity, as stated above, we have assumed that (r) charge 
=(Pr)anomalous magnetic moment, although in principle this is 
not a necessary restriction. Hence we can expect only 
to obtain a first approximation to the structure and 
size of the proton. 

When such form factors are applied to the point 
charge-point moment curve, the behavior of the experi- 
mental curve can be reproduced very well. In fact for 
(r)charge= (7) magnetic moment = 0.70 10-" the theoretical 
curve cannot be distinguished from the experimental 
curve within the limits of error. A separate theoretical 
curve for 0.70X 10-" cm therefore has not been included 
in Fig. 5. The limits of error in the radius are conserva- 
tively estimated at +0.24X 10" cm. 

A similar fitting procedure can be employed with 
data obtained with electrons at 236 Mev in the incident 
beam. In this case our measurements could be made 
only at angles larger than or equal to 90° since our 
magnetic spectrometer cannot bend electrons of energy 
higher than those scattered at 90° (or smaller angles): 
For an incident energy of 236 Mev the scattered electron 
at 90° has an energy of 189 Mev, the approximate 
limit of our apparatus. 

Figure 6 shows the experimental points obtained in 
several runs at 236 Mev. The shape of the point charge- 
point moment curve is shown as well as the experi- 
mental points. No absolute values are known for the 
experimental points so that the best that can be done is 
to try to fit the shape of the experimental curve with 
Eq. (4) for various values of F,; and F2. Again the 
assumption F,;=F, is made. Such attempts are shown 
in Fig. 6 and are labeled rms 6.2, 7.8, and 9.3X 10-“ cm. 
The dotted curves corresponding to 6.210" cm and 
9.3X 10-" cm may be shifted down or up respectively 
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Fic. 6. This figure shows the experimental points at 236 Mev 
and the attempts to fit the shape of the experimental curve. The 
best fit lies near 0.78 10- cm. 
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Fic. 7. Theoretical curves are shown for electrons of 100 Mev, 
along with the experimental observations at that energy. 


to try to fit the experimental points, but neither curve 
will do so within the limits of error. Hence the data at 
236 Mev support a “best” value of rms radius of 
(0.78+-0.20) x 10-" cm, conservatively speaking. This 
value is in good agreement with the best value (0.70 
+0.24)X10-" cm obtained above at 188 Mev. 

In order to test some features of the apparatus, we 
have carried out a scattering experiment at an incident 
energy of 100 Mev. In this case, if our model of the 
proton is correct, the observed scattering should be 
quite close to the curve for a point charge and point 
moment because the g(r) value is small and F?=1.0. 
Figure 7 shows that the agreement observed is highly 
satisfactory. At 100 Mev, the magnetic spectrometer is 
never saturated at any angle. Hence the “saturation” 
aspect and possible defocusing effects are not tested by 
this experiment. However, the 236-Mev and 188-Mev 
runs do test such possible effects since different energies 
correspond to different angular positions. The good 
agreement obtained between these latter two sets of 
data and the satisfactory behavior at 100 Mev is 
essentially what we have published earlier.‘ 

These results may be summarized in the following 
way: If the proton can be assumed to (a) have distri- 
butions of charge and magnetic moment equal, or at 
least similar, in size and (b) if the Coulomb law and 
the usual electromagnetic laws are obeyed at distances 
of the order of 0.7X10-" cm, then these experiments 
show that the proton has an rms radius of (0.74+0.24) 
X10-" cm. Of course, if the Coulomb law and the usual 
interactions are not valid, these findings could also be 
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Fic. 8. The experimental curve for helium in the center-of-mass 
system, hydrogen normalizing points, and the helium point charge 
construction are shown. This figure also exhibits the square of the 
form factor as a function of angle. The best fit of theory to experi- 
ment corresponds to an rms radius of 1.60 10-" cm. 


interpreted in terms of a point charge and point mo- 
ment. We suspect that the breakdown of the Coulomb 
law would have exhibited other consequences, possibly 
already recognized in the literature. Phenomenologically 
we cannot distinguish, at the present time with these 
experiments alone, between a finite size of the proton 
and a breakdown of the Coulomb law. Nevertheless, 
any meson theory would predict a finite size of the 
proton’s magnetic moment and this is what we may 
have found in the proton. 


B. Helium 


The elastic peaks observed in helium are similar to 
those found in hydrogen, except that the recoil shifts 
are approximately four times smaller. To measure the 
form factor of the alpha particle with respect to electron 
scattering, we have made essentially simultaneous 
measurements of the scattering from helium and 
hydrogen and compared the results. The procedure 
involved carrying out the helium measurements, empty- 
ing the target chamber, and finally substitution of 
hydrogen for the helium. A series of measurements in 
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hydrogen is thus made almost at the same time as the 
helium measurements. From a few representative hydro- 
gen points, we can construct a point-charge Mott curve 
for hydrogen, say, between 35° and 90°. If we multiply 
this curve by four (Zy.2= 2?=4) we obtain a theoretical 
point-charge curve for helium. Note that we use a 
Mott curve (spinless particle) since the alpha particle 
has no spin or magnetic moment. The ratio of the 
actually observed experimental curve in helium to the 
point charge curve for helium gives the square of the 
form factor. Thus the form factor can be compared 
with theoretical form factors for various size charge 
distributions. 

Figure 8 shows the helium experimental curve in the 
center-of-mass system, the hydrogen normalizing points, 
and the helium point-charge construction. The incident 
energy was 188 Mev for these experiments. Corrections 
for the different energies in the center-of-mass system 
and for the different effective solid angles have been 
made. A glance at the figure shows that the elastic scat- 
tering from the alpha particle is considerably smaller at 
large angles (a factor of 10 at 110°) than that from a 
point charge. 

Figure 8 also shows the ratio of the alpha-particle 
scattering to that of a point charge with Z=2. This 
curve represents the square of the “form factor.” The 
scale is given in the upper right hand corner of Fig. 8. 
This curve is indistinguishable from a (form factor)? 
curve for an rms radius of (1.60-++0.10)10-" cm. For 
such a small nucleus and an energy 188 Mev, our 
analysis will not give more than an rms radius from 
these measurements. It is curious that the rms radius 
of the alpha particle is approximately twice that of the 
proton as determined from these scattering measure- 
ments. Allowing for the rms radius of each of the two 
protons in the alpha particle, as determined above, the 
rms radius of the alpha particle would be smaller. By 
subtracting mean squares, the rms radius to the charge 
centroid would be 1.41X10-" cm. This approximate 
calculation probably overemphasizes the effect of the 
finite protonic size. 
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The time structure of extensive air showers at sea level has been measured by coincidence of liquid 
scintillation detectors and auxiliary Geiger tubes. The standard time deviation relative to the mean of 
single electrons is found to be 2+2 my sec; the same quantity for single particles capable of penetrating 
20 cm of Pb is 642 my sec. The mean delay of penetrating particles relative to electrons is 0.91.3 my sec. 





INTRODUCTION 


HE extensive air showers were discovered by 
Auger and Maze,' who observed coincidences 
between widely spaced Geiger counters, and in most of 
the subsequent work.on this subject it has been im- 
plicitly assumed that the shower particles arrive at the 
detectors simultaneously; usually particles which are 
not simultaneous within instrumental resolution are 
not even considered as belonging to the shower. How- 
ever, it is easy to think of possible causes of delay 
between shower particles, such as: (a) inclination of 
the shower axis relative to the plane of observation; 
(b) difference in velocity of various components; or 
(c) difference in path lengths due to scattering or 
emission angles. Some attempts to resolve delays be- 
tween shower particles have indeed been made, first 
with Geiger counters,?~ and more recently with parallel 
plate counters® and scintillation detectors.*7 
Prior to the inception of the present experiment,* 
only the Geiger data were available. Work was there- 
fore begun on the design of large scintillation detectors 
with an order-of-magnitude improvement in time resolu- 
tion, i.e., a few times 10~ sec, to be used in a similar 
exploratory search for delays between shower particles. 
While our experiment was in progress, extensive results 
on the same question were published by Bassi, Clark, 
and Rossi.’ The data which we have obtained are in 
essential agreement with theirs, insofar as they confirm 
the smallness of the delays involved when the detectors 
are located at small distances. They seem, however, 
worth presenting, since the two experiments corrobo- 
rate each other in the points of agreement and may in 
some respects complement each other. 


* This work was supported in part by the U. S. Atomic Energy 
Commission. 
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The main difference between the two experiments is 
that Bassi e al. were mainly interested in delays of 
type (a) (see above) and therefore used widely spaced 
detectors, while the present work is a study of effects 
(b) and (c), performed with detectors close to each 
other. 


EXPERIMENTAL METHOD 


A shower was revealed by the quadruple coincidences 
(within 2X 10~* sec) of four detectors, A, B, C, and D. 
Of these, A and B were fast (tanks of liquid scintillant 
viewed by photomultipliers), and C and D were slow 
(Geiger counters). The time interval between the signals 
in A and B was measured within +3 X 10~* sec whenever 
an ABCD coincidence occurred. The measurements 
were made from photographic records of oscilloscope 
traces displaying the pulses from the fast detectors. 

The geometry of the experiment is indicated in 
Fig. 1, where the location of the detectors is shown, and 
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Fic. 1. The detectors and surrounding walls and ceiling. The 
detector areas are 0.17 m? (A); 0.11 m* (B); 0.2 m? (each of C 
and D). The mean shower density for ABCD coincidence is com- 
puted as 30, 120, and 50 electrons/m* for runs I, II, III respec- 
tively. The walls are 25 g/cm? of concrete; the ceiling is 1 g/cm? 
of Fe plus 5 g/cm? of low-Z material. 
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in Fig. 2, where the fast detectors A and B are described. 
The experiment was performed at sea level. 


Detectors 


Detector B was a scintillating tank similar to those 
of Bassi, Clark, and Rossi. The other fast detector, A, 
which had to be shielded with 20 cm of Pb on top and 
sides, was built with a folded optical path in order to 
reduce its over-all height; it consisted of an annular 
volume containing the liquid scintillant, covered by a 
first-surface aluminum mirror to reflect the light from 
the scintillations to the photocathodes of two multi- 
pliers located within the annulus. The liquid scintillant 
used was a solution of terphenyl in toluene® (4 g/l). 
This was found to respond appreciably faster and 
with less pulse distortion than the conventional’ 
terphenyl+diphenylhexatriene in phenocyclohexane or 
xylene. The efficiency of the fast detectors was measured 
as a function of radial distance by using them in 
coincidence with two small Geiger counters, one above 
and one below the scintillant. The efficiency for the 
detection of minimum-ionizing particles was found to 


MIRROR [GLASS PLATE———\_ 


tens \ 


Wo y. ZZ yy) 


TANK A 


















































V eooctrent 
UY Yj [$,og; Yi / 


Lid 8 

















scaALE }——— s°———_| 

Fic. 2. Schematic views of tanks A and B, which have circular 
cross sections in plan view. Both are constructed of reinforced 
spun copper and rest on wheeled cradles. All interior surfaces are 
reflecting; the glass plates are sealed with Compar gaskets and 
serve to reduce the (explosive) volume of saturated toluene vapor. 


*R. F. Post, Phys. Rev. 79, 735 (1950). 
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be about 95% over most of the active volume, when the 
circuitry was made sensitive to single photoelectrons at 
the photocathode. 


Electronics 


A block diagram of the circuits is shown in Fig. 3. 
A slow (2X10-* sec) triple coincidence ACD pulse 
turned on a sweep of 4X10~’ sec duration to display 
appropriately delayed signals from A and B tanks on 
an oscilloscope. The presence of a pulse from B on the 
scope trace insured a quadruple coincidence ABCD. 
The time separation of the pulse peaks from A and B 
was a measure of the effect investigated. 

Had the ACD pulse been used to trigger the sweep 
directly, inherent time fluctuations in the collection of 
C and D Geiger pulses would have resulted in a time 
jitter between sweep start and tank pulses of +2 10-7 
sec, i.e., of the order of a full sweep duration. The ACD 
pulse was instead used to gate open a fast (10-® sec) 
sweep trigger channel through which (after a micro- 
second) the A pulse passed to start the sweep with a 
time jitter of about 10~° sec relative to the A display 
pulse. The time delay of one microsecond was chosen 
to allow only 10% of all showers to be lost because of 
late Geiger firing. This necessitated a similar cable delay 
in the pulse display channels. The increase in rise time 
caused by this delay was minimized by differentiating 
A and B pulses with a one-foot length of shorted cable, 
which kept both the rise and decay time at the screen 
down to 10-8 sec. 

The oscilloscope trace contained five pulses (Fig. 4): 
Two of these, A; and A,(R), were from multiplier 1 in 
detector A; A:(R) was the reflection of A, in a shorted 
cable, and appeared about 2.4 10~’ sec after A,. Two 
more, B and B(R), were from the multiplier in de- 
tector B, the second being the reflection of the first as 
above. Finally, the last pulse, A2, was from the mul- 
tiplier 2 in detector A. 

The time interval between B and A;(R) was about 
60X10-* sec. Measurement of this interval had to be 
reproducible within a few percent in order to obtain 
the required accuracy. The errors in locating and 
measuring the distances between the positions of the 
peaks in the photograph of the trace (a traveling-stage 
microscope was used) were small, corresponding to time 
errors of the order of a few 10~" sec. However, larger 
sources of errors could be expected from: (i) variation 
in sweep speed or in sweep linearity; (ii) distortion of 
the pulses, which could make the measurement of peak 
position of doubtful significance. 

The distances between the signals A; and B and their 
reflections A;(R) and B(R) were used to correct for 
variations in sweep speed and linearity. These reflec- 
tions provided two known time intervals at different 
positions on each trace, by means of which it was 
possible to compute the sweep speed at the position of 
the pulses to be measured with an accuracy of 1%. This 
was actually done for each trace. In order to reduce the 
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Fic. 3. A block diagram 
of the fast electronic cir- 
cuitry. Each chain amplifier 
(Hewlett-Packard 460A) 
has a gain of ten; the 
6BQ7-A triodes are used 
for impedance isolation. 
Scalers (not shown) monitor 
the number of gates, sweeps, 
CD coincidences, and photo- 
tube noise levels. 
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errors due to pulse distortion, visibly distorted pulses 
and after-pulses were not included in the measurement. 


Time Calibration 


The accuracy of the method was checked in several 
ways. The measure of success in correcting for the 
variations in sweep speed and linearity was tested by 
studying the distribution in the time intervals between 
pulses A,(R) and Az in all the traces which were used 
for shower delay measurements. These, coming from 
two multipliers in the same detector, should always be 
delayed by the same amount, apart from statistical 
fluctuation in the processes of pulse formation. On the 
other hand, the actual measurement of their separation 
is affected by the same errors in sweep speed calibration 
as the measurement of the separation between pulses B 
and A,(R). The standard deviation in the measured 
time differences between A;(R) and Az was 3X10- sec, 
and part of this is attributable to the fluctuations men- 
tioned above. Furthermore, this standard deviation was 
practically the same in all runs during the long shower 
measurements and did not seem to depend on sweep 
speed variations, indicating that correction for this 
effect had been properly made. 

Another test consisted in the use of the two fast 
detectors, a Geiger counter and the 20-cm Pb shield as 
a vertical triple-coincidence telescope for mesons. The 
time distribution obtained is shown in Fig. 5 (run “0”’). 
The standard time deviation between the pulses of the 
two fast detectors [B and A;(R) ] was (3.60.3) 10 
sec. Thus the response of each detector could be timed 
with an error of (3.6/V2)X10- sec= 2.5X10- sec. 


MEASUREMENTS OF SHOWER PARTICLE DELAY 


Measurements of shower particle delay were per- 
formed under three different conditions, which will be 


discussed separately; the resulting distributions are 
shown in Fig. 5. 


Run I: Both Fast Detectors Unshielded 


About 98% of the shower particles in the unshielded 
detectors were electrons.'! The striking feature is that 
the spread of this distribution is practically the same 
as that observed for the detectors arranged as a vertical 
telescope, and the standard deviation is (3.2+0.3) 
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Fic. 4. Oscilloscope traces. (a), (b), and (c) are idealized single 
phototube pulses from Ai, B, and A2, respectively; (d) is the 
resulting composite; and (e) is a photograph of an actual shower 
event. 


4 Cocconi, Tongiorgi, and Greisen, Phys. Rev. 75, 1063 (1949). 
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Fic. 5. Histogram of the pulse peak time difference between A 
and B tanks. The unfilled area represents acceptable events 
(clean pulses from each of the three tubes). The blocked-in area 

resents only those rejected shower events with a distorted or 
missing pulse from one of the two A tubes. The time zero has been 
chosen to coincide with the mean of run IT. 


X10- sec. In other words, no significant spread in the 
arrival of soft shower particles was observed. 
. For a more detailed comparison of the soft shower 
distribution with the vertical telescope distribution, 
one should take into account two effects. The first is 
that the number of particles contributing to a pulse in 
each tank is larger in the case of showers. This tends to 
make that part of the resolving time due to uncertainties 
in photon and photoelectron collection smaller for the 
shower run than for the telescope run. The second is 
the effect of shower axis inclination, which should 
introduce a spread of about 10~* sec in the shower case” 
even if the shower electrons traveled exactly in the 
same plane perpendicular to the shower axis. 

We may nevertheless conclude from this run that 
the delays between shower electrons cannot exceed a 
few millimicroseconds (see Appendix). 


Run II: Detector B Unshielded; 
Detector A Shielded 


This experiment was performed with the intent of 
measuring a delay between the soft and hard com- 
ponents, since it was expected that the heavier particles 
of the hard component might arrive later.’ The ratios 
of quadruple counting rates between this run and the 
others agree with the ratios computed,"'” if one as- 
sumes that the soft showers are completely absorbed by 
the Pb shield. This is in agreement with a theoretical 
calculation of the effective tank shielding. 

A delay between the two components should appear 
as a shift in the center of mass (mean) of the distribu- 
tions I and II. The result of the observation is that 
such shift is small compared to the experimental error. 
Numerically one would obtain for the mean delay of 


21. Janossy in Cosmic Radiation (Colston Papers) (Butter- 
worth’s Scientific Publications, London, 1949), p. 103. 
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Fic. 6. The normal- 
ized Poisson probability, 
Pw), of an ABCD coin- 
cidence with w particles 
in a tank and one or 
more in the other three 
detectors. The ratio of 
hard to soft particles is 
taken as 0.023 and both 
tanks are assumed for 
simplicity to have the 
same unreduced area of 
0.10 m?. 
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hard particles relative to soft particles: (0.9+1.3) 
X10- sec. 

The spread of the time intervals in run II corre- 
sponded to a standard deviation of (7.3+-0.8) X 10~ sec. 
This result, taken at face value, seems to indicate that 
the spread in the arrival time of the penetrating particles 
is larger than the corresponding spread for the soft 
electronic component, though the mean time of arrival 
of the two components does not seem to differ. 

However, the coincident pulses in the shielded de- 
tector seldom correspond to more than one penetrating 
particle; while the coincident pulses in the unshielded 
detectors often correspond to more than one particle 
(see Appendix). This effect could easily increase the 
observed spreads for penetrating particles by increasing 
fluctuations in pulse collection time. In order to test 
this point, we performed run III, as described below. 


Run III: Both Fast Detectors Unshielded; 
A’s Area Reduced 


The effective area of detector A was reduced to 15% 
of its total area in order to reduce the number of 
traversing particles. The area reduction was accom- 
plished by covering most of the scintillant with opaque 
paper in such a way that the light from the scintillator 
could reach the multipliers only from a sector of 15% 
of the total area. 

It was computed that the number of coincident 
particles in detector A should in this case be very 
similar to those of run II, and that a similar relation 
should hold for the other tank as well (see Fig. 6). 

Under these conditions, no apparent shift in the mean 
of the time distribution was found, and the standard 
deviation obtained was (4.5+0.5)X10-* sec, inter- 
mediate between runs I and II. 
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DISCUSSION AND CONCLUSIONS 


The main conclusion which one can reasonably draw 
from the results is that our experiments were unable to 
point out delays larger than a few millimicroseconds 
between cosmic-ray shower particles. The mean arrival 
times of the soft and hard components seem to be the 
same within 10~ sec. In the appendix we derive a time 
dispersion of (2+2)10~* sec for single electrons and 
(6+2)X10~* sec for penetrating particles. This is an 
indication that the time spread of the hard component 
is greater than that of the soft. If this is true, it could 
be explained by assuming that the mean delay of the 
hard particles (mostly due to their velocity being 
smaller than c) is equal to the mean delay of the elec- 
trons (mostly due to multiple Coulomb scattering); 
but that the spread of the time distribution from the 
mean is larger for the hard component than for the 
electrons because of the different processes responsible 
for the delays in the two cases. 

The number of events finally used in this work is not 
large (65 for run I, 38 for run II, 42 for run III) and 
any rare delayed event would have escaped observation. 
However, we did not think it worth while to go through 
the labor of collecting more data because of the un- 
certainties in correcting for the instrumental resolution. 
Therefore this experiment is a measure of mean delays 
and dispersions, but is not meant to detect delayed 
components of weak intensity. 


APPENDIX 


From the results obtained in runs I, II, and III we 
seek a value for o,, the s.d. (standard deviation relative 
to the mean) of the arrival times of single electrons 
measured in an imaginary plane normal to the shower 
axis, and for o,, the same quantity for single hard 
particles (mostly muons). From a given tank we obtain 
a contribution o,,, (i.e., ¢, or o,), depending on whether 
the tank is unshielded (e) or shielded (y). 

The computation has been carried out assuming: 

(i) that all the variables contributing to the s.d. o42 
of the difference in time between tanks A and B are 
statistically independent ; 

(ii) that the s.d. of the instrumental error in the 
measurement of a single particle time, o;, is due entirely 
to dispersion in tank and phototube collection times and 
has the value [ (3.6/v2)+0.2]x10- sec, as found from 
the telescope run; 

(iii) that the part of the observed dispersion which 
is due to the inclination of the shower axis has a s.d. o¢ 
given by’ 


o¢~{(sin?@), |! (d/c)= 1.210 sec, 


where @ is the projected zenith angle, d is the lateral 
tank spacing, and c is the velocity of light; 

(iv) that a tank pulse peak occurs at the average 
arrival time of all its shower particles, each affected by 
its own instrumental error. 

Then the s.d. o48(wa,ws) which one would experi- 
mentally observe for showers with wa particles in 
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tank A and wz particles in tank B is given, for each of 
the three runs, by an equation of the form 


CAB" (wawa)=wa'(06,4?-+0;7)+we'(0,2+0;7) +09. (1) 


In order to compare 74 with its experimental values, 
it must be averaged over the distribution in particle 
densities w4 and wg. Assuming that o;, o@, and o,,, are 
independent of w, we then have 


(a4 B’) wy = (wa ")av (a, u?-+o;?) 
+(wa)w(oe2+o,*)+o07, (1a) 


where 


(wa) w= > P(wa)/wa, etc. 


w=] 


We computed” the probabilities P(w) from shower 
theory, and obtained the values shown in Fig. 6. These, 
within the rather poor resolution, agree with the 
measured pulse heights recorded for each shower event. 

Introducing in (1a) the experimental values of (045”)w 
and o;, and the computed values of og and (w~')«, one 
obtains a value of o, from each of runs I and III. From 
run II, one finds o, in terms of o,. This last relation is 
particularly simple because of the prearranged similarity 
of the w distribution in runs II and III (see Fig. 6). 
The results are that 


oe= (242)X10- sec, o,= (64+2)X10- sec, 


where the errors include an estimate of the uncertainties 
in the treatment. 

Within the (large) stated error, the numerical results 
are probably insensitive to the nature of the previous 
assumptions. It has been proposed,’ for example, that 
(iv) be replaced with the extreme assumption: 

(iv-a) only the pulse peak associated with the first 
tank particle is recorded. 

Let p.(¢) be the normalized probability of this peak 
at time ¢ for a total of w tank particles in a normally 
incident shower. Then 


pal) Nw) puto] 1 f coat] ; (2) 


x 


where NV (w) is the normalizing factor. 
Assuming a reasonable form for p:(/), and one that 
also includes instrumental error, let 
pilt)=o el" 120 
=() t<0, (3) 
o?= 0,4’ +0,7. 

From the foregoing, c4g(wajwgz) is now the root- 
mean-square sum of og and the standard deviations of 
pw(t) for each tank. These standard deviations may 
easily be found as a function of w and o from (2) and (3). 
Averaging o48(wawwg) over w as before, one then ob- 
tains an equation for (o45")» differing from (1a) only in 
that for each tank (w-')*, is replaced by 2(w-*)w 
—[(w-")w ]*. These new constants (as computed from 
Fig. 6) are sufficiently close to the old ones to give 
unchanged values for o, ,. 
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Polarization of the Deuteron in the Reaction* p+ p—-«++d 
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Using 340-Mev unpolarized protons, the polarization of deuterons produced at a center-of-mass angle of 
115° in the +p — x*+d reaction has been measured. The deuterons were detected in coincidence with 
the mesons and were analyzed by scattering from a carbon target at 24°. In conjunction with previous ex- 
periments on the reaction, this measurement completes the specification of the phenomenological parameters 
of Rosenfeld and Gell-Mann and Watson. Specifically it permits the determination of the relative phases of 
the several modes of meson production, which in turn are related to the p— p phase shifts at this energy. 





INTRODUCTION 


S p+p— 2*+d is a two-body reaction, the in- 

vestigation and interpretation of meson produc- 
tion in nucleon-nucleon collisions through this process 
are particularly simple, and thus it has received in- 
tensive study. Crawford and Stevenson! have measured 
the total and differential cross sections for the reaction 
in the region near threshold from 310 to 338 Mev, and 
have measured the asymmetric part of the cross section, 
using polarized protons of 315 Mev. Similar experi- 
ments have been performed at 437 Mev by Fields et al. 
The results fit well with the phenomenological theory of 
Rosenfeld* and Gell-Mann and Watson,‘ which is 
developed for S- and P-wave meson production. The 
theory is thus expected to hold only over a limited 
energy region. Recently reported experiments by 
Meshcheryakov et al.* from 460 to 660 Mev show ex- 
pected deviations in the energy dependence of the cross 
section, but as yet give no indication of the presence of 
higher waves. 

Marshak and Messiah® have analyzed the reaction, 
using polarized protons, and this analysis has been 
extended by Wolfenstein’ and by Mandl and Regge® to 
include higher partial waves as well as a discussion of 
the polarization state of the deuteron. The investiga- 
tion of deuteron polarization in this reaction was first 
suggested by Watson and Richman.’ 

Restricting consideration to S- and P-wave meson 
production, the following reactions conserve total 
angular momentum and parity: 


* This work was done under the auspices of the U. S. Atomic 
Energy Commission. 

( 955) S. Crawford and M. L. Stevenson, Phys. Rev. 97, 1305 
1955). 

* Fields, Fox, Kane, Stallwood, and Sutton, Phys. Rev. 95, 
638 (1954); 96, 812 (1954). 

3 A. H. Rosenfeld, Phys. Rev. 96, 139 (1954). 

4M. Gell-Mann and K. Watson, Ann. Revs. Nuclear Sci. 4, 
219 (1954). 

5 Meshcheryakov, Neganov, Bogachev, and Sidorov, Doklady 
Akad. Nauk S.S.S.R. 100, 673 (1955); M. G. Meshcheryakov 
and B. S. Neganov, Doklady Akad. Nauk S.S.S.R. 100, 677 (1955). 

®R. Marshak and A. Messiah, Nuovo cimento 11, 337 (1954). 

7L. Wolfenstein, Phys. Rev. 98, 766 (1955). 

* F. Mandi and T. Regge 99, 1478 (1955). 

*K. Watson and C. Richman, Phys. Rev. 83, 1257 (1951). 
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where, in the notation of Gell-Mann and Watson, doe‘”® 
and 6,e'"! are the ratios of the complex amplitudes of 
production from S- and P-wave protons, respectively, 
to that from D-wave protons. Including the amplitude 
for production from D-wave protons but neglecting the 
over-all phase, there are then five quantities to be deter- 
mined in the phenomenological theory. The four ex- 
periments so far reported—the total cross section, 
angular distribution, energy dependence of the cross 
section, and the asymmetric part of the cross section 
(using polarized protons)—plus the experiment de- 
scribed in this paper, in which the polarization of the 
outgoing deuteron is determined by use of unpolarized 
protons, are sufficient to completely specify the reaction 
near threshold. 


DEUTERON POLARIZATION AND CALIBRATION 
OF ANALYZER 


Before discussion of the experiment, it will first be 
necessary to consider the description of the deuteron 
polarization and the detection of this polarization with 
an analyzer whose analyzing power has previously been 
established by means of a double-scattering experiment 
with deuterons. 

The polarization state of a deuteron has been studied 
by Lakin,” who shows that its complete specification 
requires not only the expectation value of the spin 
Tim, but also of the second-rank tensors J2y. Explicit 
forms of the tensor operators in terms of the spin 
operator S are given by Lakin. He then shows that in 
two successive identical scatterings of a deuteron, the 
angular distribution can be written as 


1 (0,6) = o(6)[1+(T20)?+2f | (Tu) |?—(T21)"} 


Xcosp+2(T22)* cos2¢], (1) 


where @ and ¢ are the polar and azimuthal angles of 
scattering, J» is the unpolarized differential cross sec- 
tion, and (720), (71), (T'21), and (722) are the expecta- 


 W. Lakin, Phys. Rev. 98, 139 (1955). 
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tion values of the tensor components of deuteron 
polarization present in the beam after the first scatter- 
ing. Hence four parameters are required to describe the 
result of a double-scattering experiment, in contrast to 
the one parameter needed for a spin } particle. 

Angular-distribution experiments on the double scat- 
tering of deuterons from various elements have been 
performed by Chamberlain ef a/." in the energy region 
from 165 Mev to 100 Mev and will be reported in more 
detail in a forthcoming paper. In these experiments, 
large terms dependent on cos@ were observed in the 
cross sections for elastic scattering from carbon and 
other elements down to an energy of about 100 Mev. 
A search was made for a term dependent on cos2¢ and 
a change in the azimuthally independent part of the 
cross section using polarized deuterons, but to within 
the 4% accuracy of the experiments none were detected. 
Thus (72) and (722) are consistent with zero at the 
double scattering angle. For identical double scatterings 
from carbon at 16° the term dependent on cos¢ is large 
and positive, indicating that |(71)|> |(Z2)|. No 
further experimental means are available for the 
separate determination of (71:) and (721) without, as 
pointed out by Lakin, recourse to rather infeasible 
magnetic deflection between the first and second 
scatterer. However, theoretical calculations of deuteron 
polarization from elastic scattering by Stapp” give 
agreement with experiment and indicate that all second- 
rank tensor components of polarization are small at the 
scattering angles and energies of interest here. Specifi- 
cally he finds that |(7'21)/(71)| is less than 0.15. We 
shall use this as a basis for excluding (72) and es- 
tablishing the analyzing power of the analyzer for Ti. 

The procedure used to calibrate the analyzer is then 
as follows. The internal circulating deuteron beam is 
scattered at 16° from a carbon target and brought into 
the experimental area in a manner similar to that for 
polarized protons. There the deuterons are scattered 
again at 16° by a carbon target into a counter telescope 
with the energy threshold set to accept only elastically 
scattered deuterons. With (7.2)? and (T22)* measured 
to be zero and (72;) assumed to be negligible, the 
asymmetry eg obtained gives, by Eq. (1), 


i(Ti1)a= (ep/2)'=0.32+0.02 


for the deuteron beam. The sign of i(711)z is not deter- 
mined by this experiment, but can be deduced to be 
positive if the shell-model sign for the spin-orbit 
potential is used. This choice of sign for the spin-orbit 
potential is justified by the fact that it gives the experi- 
mentally determined" sign for proton polarization in 
high-energy elastic scattering from complex nuclei. 


11 Chamberlain, Segré, Tripp, Wiegand, and Ypsilantis, Phys. 
Rev. 95, 1104 (1954). 
2H. P. Stapp, thesis, University of California Radiation Lab- 
oratory Report No. UCRL-3098, August, 1955 (unpublished). 
131, Marshall and J. Marshall, Phys. Rev. 98, 1398 (1955); 
W. Heckrotte, Phys. Rev. 101, 1406 (1956). 
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Fic. 1. Geometry of the p+) — x*++d experiment. 


The beam is then degraded to 138 Mev to correspond 
to the energy of deuterons formed in the p+) — a*++d 
reaction, and is scattered by a target consisting of two 
defining counters and a carbon target between them. 
The scattered deuterons are detected by a two-counter 
telescope with an energy threshold set to accept only 
elastically scattered deuterons. The geometrical ar- 
rangement of the deuteron-defining counters, carbon 
target, and analyzing counters is identical with that 
used for the measurement of the asymmetry of deuterons 
formed in p+ — m*-+-d, and is shown as part of the 
meson-production experiment illustrated in Fig. 1. 

The most suitable conditions of the analyzer for 
measuring deuteron polarization were established at 
this time by use of the polarized deuteron beam. The 
criterion used to determine the optimum analyzing- 
target thickness and analyzing angle for the minimum 
fractional uncertainty Ae,/e. in the asymmetry é, 
measured with the analyzer was that ae,’ should be a 
maximum, where a is the fraction of incident deuterons 
scattered into the counter telescope. The thickness of 
the carbon target chosen in this way was 0.75 inch (a 
greater thickness would have resulted in some scatter- 
ings at energies less than 100 Mev where the polariza- 
tion is small), and a mean analyzing angle of 24°. 
Under these conditions, a=1/1150 and the analyzing 
power is given by 

i(T1)e=- 


2u(T 11) 


=0.33+0.03. 


The polarization of the deuterons in the p+p— 
n*+d reaction is given by 
sinwy sin@ cos 


P= ; 
C(A+X)/(X?+X)!]+-coswy A+cos? 


where P is the expectation value of the deuteron spin 
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Fic. 2. x—d coincidences vs time delay in meson counter. 


and is related to (711) by P=(2i/v3)(T1:). @ is the 
center-of-mass angle of meson production and A and 
X are found by Crawford and Stevenson to be A =0.25 
+0.03 (at 340 Mev) and X¥=0.082+0.034. With this 
value of A, the maximum deuteron polarization occurs 
at 6=66° and 114° or at meson laboratory angles of 
6=35.5° and 66.5°. A measurement of the deuteron 
polarization then determines wo, which is related to the 
phase angles 7 and 7. 


EXPERIMENTAL ARRANGEMENT 


The arrangement of the apparatus for the p+p— 
m*+-d reaction is shown in Fig. 1. An unpolarized proton 
beam of 3X10* protons/sec entered the experimental 
area through a 2-inch-diameter collimator, having 
passed through a set of three strong-focusing coils 
which caused almost the entire beam to be contained in 
a rectangle 1 by 0.75 inch, thereby avoiding scattering 
from the collimator. The beam energy, measured by a 
Bragg curve, was 342.5 Mev. 

The liquid-hydrogen target consisted of 1 g/cm? 
hydrogen contained in a 4-mil stainless steel cylinder. 
After traversing the hydrogen, the beam passed through 
a helium bag to reduce scattering, a monitoring ion 
chamber, and then into a cave, eliminating back- 
scattering into the analyzer. 

All deuterons are produced within a cone of +6° 
to the beam direction, with the deuteron laboratory 
angle a double-valued function of the center-of-mass 
angle, approximately symmetrical about 90° c.m. Since 
Eq. (2) is antisymmetrical about 90° c.m., it is desirable 
to detect the meson in coincidence with the deuteron 
in order to measure the deuteron polarization. This 
coincidence technique is also vital for rejecting the high 
background resulting from counting at such a small 
angle to the beam. 

Elastically scattered protons at 35° were 300 times 


as numerous as mesons and would have made accidental 
coincidences between meson counters and deuteron 
counters prohibitively large if means were not employed 
to eliminate them. Consideration was given to Cerenkov 
counter detection of the meson, but at this energy the 
difference in velocity between the mesons and protons 
was not sufficient to make a clean separation. Mo- 
mentum analysis, however, was feasible, and mesons 
produced at 35°+8° were bent by a magnetic field 
through 60° and detected by a pair of 4X10-inch 
plastic scintillation counters. One-eighth-inch copper 
between the meson counters was found to be effective 
in reducing low-energy background without decreasing 
the r—d coincidence rate. 

The deuteron-detecting counters, consisting of a pair 
of 2-inch by 2-inch and 2.25-inch by 2.25-inch plastic 
scintillators, were placed at a distance of 10 feet from 
the hydrogen target. These counters and a 0.75-inch 
carbon target between them served as a target for the 
elastic scattering of deuterons into the analyzing tele- 
scope composed of a pair of 2-inch by 6-inch counters. 

The signals from each of the six counters were 
amplified by two Hewlett-Packard A amplifiers and 
clipped with 4-foot shorted stubs before being fed into 
four- and sixfold coincidence circuits. The r—d co- 
incidences were recorded in the fourfold channel, while 
the sixfold coincidence required in addition that the 
deuteron be scattered into the analyzing counters. The 
deuteron counters were first adjusted so that their 
plateau occurred with deuterons accelerated by the cy- 





| 
CALCULATED 
en & RANGE 
é 
z 
1,200 


MESON RANGE 
CURVE 








DETECTION 
THRESHOLD 


{ 
Ss 
c 


CALCULATED 
RANGE 


| 


1T-D COINCIDENCES/UNIT BEAM 


DEUTERON RANGE 
CURVE 











GM/CM* COPPER 


Fic. 3. Meson and deuteron range curves. 
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clotron and were operated near the knee of the plateau 
curve so that high-energy protons, which constituted the 
major source of background and whose pulse heights 
were one-third as high as deuterons, were counted with 
reduced efficiency. Frequent checks were made to 
verify that the counters were on plateau for deuterons. 

In order to further suppress the proton background, 
valuable use was made of the 1.3X10-*-sec difference 
in time of flight between the deuterons and protons. 
A curve of m—d coincidences vs delay in the meson 
counter is shown in Fig. 2. The time resolution was 
adequate to discriminate strongly against fast protons. 

Range curves were taken on both the mesons and 
deuterons, and are shown in Fig. 3. Both curves agree 
with the ranges and range spreads to be expected. 

Accidental rates were obtained by delaying the meson 
counters or deuteron-analyzing counters by one cyclo- 
tron rf pulse. The beam level was such that the acci- 
dental r—d coincidences did not exceed 10% of the 
effect. Accidentals between the analyzing counters and 
the r—d counters were also about 10%, and were 
nearly symmetrical for left and for right scattering of 
deuterons. Substitution of an empty target for the 
hydrogen vessel resulted in a negligible background of 
fourfold ‘“—d” coincidences. 

The analyzing-counter apparatus was approximately 
positioned optically. Then the deuteron-beam center 
line was precisely located by sweeping the analyzing 
counters through the deuteron beam. By this technique 
the center line was located to +0.10°, with a resultant 
uncertainty in the asymmetry given by 


Ae= (d Ina /dé)A6=0.17 X0.10°= +0.017. 


The deuteron-defining counters were accurately lo- 
cated over the center of rotation. By shielding various 
regions of the counters and observing the effect upon 
the r—d coincidence rate, it was determined that the 
illumination was approximately uniform over the entire 
surface, thus assuring that the beam passed over the 
center of rotation. More detailed discussion of these 
alignment methods, which have been applied in other 
polarization experiments, are contained in a thesis by 
the author." 

Asymmetries were measured by setting the analyzing 
counters alternately to 24° left and 24° right and using 
the relation e= (R—L)/(R+L). The r—d coincidence 
rate was used as a primary monitor, and agreement 
between it and the ion chamber was within 1%. Acci- 
dental coincidences of both varieties discussed previ- 
ously were subtracted. The counting rates were about 
30 m—d coincidences per second, and 1.5 counts per 
minute in the sixfold channel recording analyzed 
deuterons. 

An attempt was made to measure also the polariza- 
tion of the deuteron in the forward center-of-mass angle 
by observing the meson at @=75 degrees in coincidence. 


4 R. Tripp, thesis, University of California Radiation Labora- 
tory Report No. UCRL-2975, April, 1955 (unpublished). 
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Fic. 4. Complex 59 plane. Dashed lines indicate region of the 
plane in which 59 was located by the experiments of Crawford and 
Stevenson, who determined X =0.082+0.034. Shaded areas show 
the limits set by this experiment. 


By Eq. (2) this should reverse the polarization and 
would have been a useful check on any inherent asym- 
metries in the experiment. However, range discrimina- 
tion against protons scattered into the meson counters 
proved insufficiently positive to make the experiment 
successful. 


RESULTS 


The asymmetry measured for deuterons produced at 
a center-of-mass angle of 115° and scattered from carbon 
at 24° is e=0.043+0.033. Dividing by the analyzing 
power of the analyzer, we find that the polarization of 
the deuterons is P=0.076+0.059. For an analyzer with 
|(T21)/(T1)| <0.15, any sensitivity of the analyzer to 
(T2) will not alter the value of polarization by an 
amount greater than the statistical uncertainty. 

The average value of sin@ cosé/(A+cos*@) for this 
experiment is calculated to be 0.83+0.03, yielding from 
Eq. (2) a value of wo=15.6° or 175.0°. The value wo is 
related to the phase angle ro between the two P-wave 
meson states by 


|5o| e*°= $v2 (1+3X)+§v2[X (X+1) Jie. 


Figure 4 shows do plotted in the complex plane. The 
dashed lines indicate the region of the plane in which 
5o is located by the experiments of Crawford and Steven- 
son, and the shaded areas show the additional limits 
set by this experiment. The area near the origin corre- 
sponds to meson creation, predominantly from the 
1D: p—>p state, and is to be preferred to creation from 
the 'So p— p state for a strong meson-nucleon interaction 
in the state with isotopic spin 3/2, total angular mo- 
mentum 3/2. Using meson theory, Aitkin ef al.!® have 
calculated the enhancement resulting from the (3/2,3/2) 
interaction to be about 2. Including the statistical 
factor of 5 their calculations then give a ratio of P-wave 
meson production from the 'D, p—p state to that from 
1So p—p state of about 10. Experimentally we find for 
the preferred solution 59-*= 10. (See Table I.) 


16 Aitkin, Mahmoud, Henley, Ruderman, and Watson, Phys. 
Rev. 93, 1349 (1954). 
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Fic. 5. The four possible +) — x*+d solutions are shown 
with their statistical errors (standard deviations). The related 
error in 7) and 7; arises from this experiment while the independent 
error in 7; comes from the polarization experiment of Crawford 
and Stevenson. The dots indicate 28 solutions of the p— p scatter- 
ing experiments, and the point indicated by a superposed cross is 
the one to be preferred according to more recent triple-scattering 
experiments. 


From the asymmetry in meson-deuteron production 
using polarized protons, Crawford and Stevenson obtain 
sin(y— 71) =0.70+0.14, where y is given by the relation 
5o+43V2= |5o+4v2|e*¥. The determination of y thereby 
establishes r;. Table I lists the four possible values of 
7, associated with the two values of wo, 59, and 70; the 
ambiguities arise from the fact that the experiments 
determine not the angles themselves but trigonometric 
functions of the angles. 

Gell-Mann and Watson state’® that ro and 7 are 
related to the p— p phase shifts by 


to=a(!So)—a(!De)-+nz, 
r1=a(®P)—a(!D2)+ (n’+4)z. 


A phase-shift analysis” of the various p— p scattering 
and polarization experiments" at 315 Mev provide an 
independent means of determining 7» and 7. Figure 5 
is a plot of ro vs 7; containing the four p+p— x++d 
solutions with their statistical errors. The dots show the 
values of ro and 7; for 28 solutions of the p—p phase 


16 Fermi’s Varenna lecture notes [Nuovo cimento 11, Suppl. 2, 
54 (1955)] show the general approach to these relationships 
through the unitarity and symmetry of the S matrix. 

17 Tom J. Ypsilantis, thesis, University of California Radiation 
Laboratory Report No. UCRL-3047, June, 1955 (unpublished). 


TaBLE I. The possible values of wo, 50, 7o, and 71. The first 
set corresponds to a dominant interaction in the initial 1D. p—p 
state. 

















shifts obtained from single-, double-, and triple-scatter- 
ing experiments. Additional experimental information 
can, however, give a unique set. About half of these 28 
solutions can be discarded, since they do not give the 
observed destructive interference between Coulomb 
and nuclear scattering at small angles. Of the remainder, 
the six best fits have been compared with the recent 
triple-scattering experiment of Simmons'® involving a 
rotation of the spin into the direction of motion of the 
proton between the first and second scattering. Only 
one solution is compatible with that experiment, and 
this solution is indicated by a cross in Fig. 5. Its value 
of ro= 143.1° and 71;=79.3° is in good agreement with 
the first of the above four solutions given by the 
p+p— a*+d experiments. 

Note added in proof.—A recoding of the p—p scatter- 
ing experiments has recently been done with the inclu- 
sion of small angle scattering data and Simmon’s triple 
scattering experiment. G and H waves were introduced 
and Coulomb effects included. Three distinct solutions 
have been obtained,'* one of which is substantially the 
same as the preferred solution of Fig. 5. The other 
two are in equally good agreement with the same 
p+p—2*+D solution. Since none of the three elastic 
p—p solutions is compatible with the second set of 
phase angles in Table I, this provides one evidence 
for the Fermi type (3,3) a—p interaction 
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Wigner has shown that there is a lower limit on the derivative of the scattering phase shift with respect to 
energy, the limit being expressed in terms of the range of the interaction. Orear has pointed out that this 
condition is not satisfied by the pion-nucleon S-wave phase shifts given by Bethe and de Hoffmann for 
energies near 200 Mev. Orear’s alternate solution, satisfying Wigner’s criterion, fits the data equally well. 
The use of the Wigner condition for pion-nucleon scattering is somewkai questionable because the concept 
of interaction radius is not well defined. It is shown here that a similar condition may be obtained without the 
use of this concept. Orear’s argument is strengthened on this basis. A simple interpretation of the S-wave 
phase shifts is given in terms of an J =} resonance at very high energy, the only parameter being the ratio of 
level width to resonance energy. A simple two-parameter interpretation of the P-wave phase is also presented. 





I. INTRODUCTION 


IGNER! has recently demonstrated that there 
exists a lower limit on the derivative of a 
scattering phase shift with respect to the momentum 
of the scattered particle. His argument is based on the 
concept of a finite interaction region in configuration 
space such as is used in the Wigner-Eisenbud theory’ 
of nuclear reactions. The result has been applied by 
Orear* to the interpretation of the phase shifts in pion- 
nucleon scattering. Orear argued that some of the 
S-wave phase shifts obtained by Bethe and de Hoff- 
mann‘ are not consistent with the Wigner condition; 
hence he sought other solutions and found one that was 
equally consistent with the experimental cross section 
and, at the same time, satisfies Wigner’s condition. 
There is some doubt as to the applicability of Wigner’s 
condition to this problem because it involves directly 
the size, a, of the region of interaction. Since the pions 
presumably do not interact with the nucleons via a 
potential, it is not clear just what meaning is to be 
attached to a. Orear argues that a cannot be much 
larger than one pion Compton wavelength, but, as 
Wigner’ has pointed out, one cannot be sure that two 
Compton wavelengths would be an excessive value for 
a. Such a large value of a would cause Orear’s argument 
against the Bethe-de Hoffmann solution to collapse. 
The real difficulty here lies in the application of the 
notion of a finite interaction region to a process which 
is essentially relativistic because it involves the annihila- 
tion and creation of pions. It is desirable to have a de- 
scription of the scattering process, including possible 
resonance effects, which does not invoke the notion of 
a finite range of interaction. A method which seems to 


* Work supported in part by the University of Wisconsin Re- 
search Committee and in part by the U. S. Atomic Energy 
Commission. 

+ On leave of absence from the University of Wisconsin, 
Madison, Wisconsin. 

1E. P. Wigner, Phys. Rev. 98, 145 (1955). 

2 E. P. Wigner and L. Eisenbud, Phys. Rev. 72, 29 (1947). 

8 J. Orear, Phys. Rev. 100, 288 (1955). 

4H. A. Bethe and F. de Hoffmann, Mesons and Fields (Row, 
Peterson and Company, Evanston, 1955), Vol EI. 


meet this need has recently been described.® It is the 
purpose of the present note to show that the method 
leads to a condition on the derivative of the scattering 
phase shift which is very similar to Wigner’s condition, 
but stronger when applied to Orear’s problem. However, 
the new condition is subject to restrictions concerning 
the location and width of the resonances so that final 
conclusions concerning the validity of the Bethe-de 
Hoffmann solution require some interpretation of the 
phase shifts throughout the low-energy region. To this 
end, we provide a reinterpretation of the phase shifts 
in terms of the aforementioned resonance theory. As 
a consequence of the increased accuracy in the experi- 
mental values of the phase shifts, the present interpreta- 
tion is far simpler than that presented in reference 5. 
Our conclusion concerning the S-wave phase shift 
agrees with that of Orear, namely, that the Bethe-de 
Hoffmann solution implies a much less realistic nucleon 
size than does Orear’s solution. 


II. CONDITION ON THE DERIVATIVE OF 
THE PHASE SHIFT 


The form of the phase shift for pion-nucleon scatter- 
ing is® 
(1) 


where / is the orbital angular momentum of the pion 
which is coupled with the nucleon to form a state of 
total angular momentum J and total isotopic spin J. 
The “orthogonality phase shift” 7; is introduced because 
the problem is formulated in terms of the interaction 
of the nucleon with the pion waves orthogonal to the 
bound pion states of the (fully dressed) nucleon. The 
form of the energy dependence of 7; has been shown 
to be 


ay = itu, 


tanm= — rppo(p/po)"qi(p), (2) 


where p is the momentum, fo the energy of the pion, 
and the units are such that h=>c=m=1. The function 
qi is known to be positive for p=0 and to cross the axis 
at least once as a function of the energy. 


5 R. G. Sachs, Phys. Rev. 95, 1065 (1954). 
867 





868 


The resonance phase shift 5,77 satisfies an equation of 
the form 


tandiz1= ppo(p/ po) Dd rgn?(p)/(Ex— po); (3) 
where the coupling g,(p) is expected to be a slowly 


varying function of p except in the neighborhood of any 


cutoff occurring in the interaction. 

We shall direct our attention to the behavior of 
awst' =dayy1/dp for small and moderate value of p. 
According to Eq. (3) 


2l 2pp,—! 
iur'=costur|rpo(—) p |. 
po/ » L(E,\— po)? 
4 2gr28r' pa 
Ex— po of phe 





tand,r}. 
Therefore, 


p\* BrBn’ 
5u1'> 2x¢n(—) cos*é yr >- 
Po » Ex—po 
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fee 
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If it is assumed that all resonances except (at most) one, 
denoted by E,, are at energies very large compared 
to the moderate values of fo under consideration, 
Eq. (3) may be used to rewrite Eq. (4) as 


é.31'> $ sin26.y7[ 2ga’/ga+ (21+ 1+2p7)/ppo? ]. (5) 


The justification of this one-level approximation lies 
not only in its simplicity but also in the fact that it 
seems to be in accord with the data as is demonstrated 
in Sec. ITI. 

From Eq. (2), we find 


mi =} sin2ni —qi'/qit (21+14+2p")/ppr]. (6) 


Hence the condition on az’, where ayy is given by 
Eq. (1), reads 

d Ing,” 
ar’ >} sin26,y7 


sin26,y1. (4) 


d Ing: 

—} sin2n,—— 
d 

21+1+27" 
ppd 


We shall be concerned with the case in which ayy is 
positive. Since 5,7; is everywhere positive and 7 every- 
where negative, we then have, from Eq. (1), 


|6ur| >|m!. (8) 


(sin26,yr+sin2n;). (7) 


Therefore, as long as 
bu1< der, (9) 


we are assured that (sin26,,r+sin2m,) is positive. Con- 
sequently, the inequality (7) leads to the condition 
Inga? 


ay’ > } sin26yy7 (10) 


: 
—} eee 
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This condition is very similar in form to that given 
by Wigner. His criterion involves a “radius of the 
scatterer,” denoted by a, and it is easy to see that Eq. © 
(10) involves a quantity of the dimension of a length 
which in this case is closely related to the size of the 
nucleon proper field, namely, 


a(p)=—d Ingqi/dp. (11) 


Since the rate at which g;(p) decreases is governed by 
the condition of orthogonality to the bound pion field, 
it will be determined by the mean radius of the bound 
pion wave functions. Thus, a(p) is of the order of 
magnitude of this radius, which should lie somewhere 
between the pion Compton wavelength (1 in our units) 
and the radius of the nucleon source function. In fact, 
for reasonable assumptions concerning the structure of 
the pion cloud, a will have a value rather close to the 
size of the source function; hence a<1. 

The term involving the derivative of Ing,’ is expected 
to be quite small for moderate energies since the 
principal change in ga occurs near the cutoff. Thus an 
adequate substitute for Eq. (10) is 


(12) 


This condition is considerably stronger than Wigner’s, 
both because of the factor } (not to speak of the factor 
|sinn:| which has been dropped) and the fact that we 
are assured that a<1. 

Unfortunately, the validity of the inequality (12) 
is restricted by the condition Eq. (9), which is important 
because the quantity (2/+1+2p?)/2pp? appearing in 
Eq. (7) is larger than a for the values of p that are of 
interest. In qualitative terms, Eq. (9) states that it is 
necessary for the first resonance to dominate the 
behavior of the phase shift in order that the slope of 
the phase shift remain positive. If the radius of the 
pion cloud is too large, the orthogonality condition 
may take over from the resonance and cause a rapid 
decrease in the slope of a,j; as a function of p. There- 
fore, in order to make a convincing application of 
Eq. (12), we must have further knowledge concerning 
the resonance, that is, we must examine the entire 
behavior of the phase shift as a function of energy, not 
just its local behavior. 


ayr' > — $a. 


III. INTERPRETATION OF THE PHASE SHIFTS 


Although a rather complicated behavior of the phase 
shifts is admitted by Eqs. (1), (2), and (3), it seems 
reasonable to attempt the simplest possible interpreta- 
tion. Therefore we try a one-level approximation, i.e., 
assume that no more than one term need be included 
in the sum over resonances of Eq. (3). The two con- 
stants in this term will be fixed then by fitting the data. 

As usual, attention is limited to the S- and P-waves. 
A phenomenological method is used to determine the 
corresponding two orthogonality phase shifts 90 and m. 
Taking the S-waves first, we note that the Bethe-de 





PHASE SHIFTS IN PION- 


Hoffmann solutions for the [=} phase shift, a3, is 
negative and that a3; decreases smoothly with energy. 
This is very suggestive of the behavior of an ortho- 
gonality phase shift, hence we assume that there is no 
resonance contributing to the [= 3, S-wave and that 


(13) 


The J=} phase shift, a:, on the other hand, is positive 
so that a resonance is required to account for its 
behavior. Up to an energy of 144 Mev, a; increases 
smoothly with energy. This suggests a remote resonance 
so that it should be possible to replace Eq. (3) by 


no ~ @3. 


tand,; = const Xrppo. (14) 


Now one consequence of Eq. (13) is that the experi- 
mental values of a; and a may be used to obtain 4). 
From Eq. (1), we find 


(15) 


6; ~a\—a3. 


The Bethe-de Hoffmann values of a; and a; are given 
in Table I along with the values of 5; obtained from 
Eq. (15). In the last column of the table are found the 
values of tan 6;/mppo, which should be constant ac- 
cording to Eq. (14). Up to an energy of 144 Mev, they 
are constant to a sufficient degree, but beyond that 
energy the behavior of tané,/mpppo is erratic. Just these 
points are the ones re-evaluated by Orear on the 
grounds that they were not consistent with the Wigner 
condition. Since 5;<}7, Eq. (9) is satisfied, and we 
see that Orear’s use of the condition Eq. (12) is certainly 
justified. His re-evaluated phase shifts at 217 Mev are 
included in Table I, and the corresponding value of 
tand,/rppo is in good agreement with the values at 
lower energy. The results obtained here are taken 
directly from Orear’s Fig. 2, since his straight line ex- 
trapolation of tana; and tana; does not lead to as good 
an agreement with the data. In fact, it is to be expected 
on the basis of Eqs. (14) and (15) that at least one of the 
two functions curves away from the energy axis, the 
curvature being quite small at low energy. 

We also take this opportunity to give a similar 
simple interpretation of the P-wave phase shifts. The 
usual values‘ of ai, a31, and ai3 are quite small, a 
result which would suggest both that there is no reson- 
ance in any of these states and that : is correspondingly 
small. Hence we assume 


m0. (16) 
Then, for the important J=$, J= } state we have 
(17) 


and in the one-level approximation to Eq. (3) we find 


tanass= rppo(p/po)gss’/(Ess— po), (18) 


033 ~ 533, 


where g33 should be nearly constant for the values of p 
under consideration. We may write this in a form 
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TaBLE I. Analysis of S-wave phase shifts obtained by Bethe 
and de Hoffmann* and by Orear.> Values in parentheses are 
excluded by the arguments presented in the text. 








(xppo) 
Xtan (a1 —as) 

0.078 
0.072 
0.077 
0.058 
0.068 
(0.022) 
(—0.002) 
(0.026) 
0.065 


Energy Refer- 
Mev ence a as 


5° =4.0° 
5 —5.0 10.5 
5 —5.5 15.0 
—12 20 
—13 27 
(—4) (11) 
(—13) (1) 
(—20) (16) 
—14 36 


ai~as 


8.5° 





26 4 


40 

61.5 
120 
144 14 
169 (7) 
194 (—14) 
217 (—4) 
217 22 








* See reference 4. 
b See reference 3. 


suggested by Chew and Low,® namely, 
(19) 


Therefore a plot of the experimental values of the 
expression on the left-hand side of the equation against 
po should take the form of a straight line, as Chew and 
Low have shown to be the case. It is important to notice 
here that the straight line results from a simple reson- 
ance phenomenon. 

Orear gives*® for the values of the constants which 
best fit the Chew-Low curve’: 


(wg33") = 3.8, 
(wgs3") Ess = 8.0. 


po 'p® cotass= (agss")" (Ess— po). 


The corresponding resonance energy (including the 
rest energy of the pion), is 


E33= 2.1=295 Mev, (20) 


and the coupling constant is 


£33=0.29. (21) 


There is some difficulty in the understanding of the 
result expressed by Eq. (16), namely that m is small 
for values of the energy considered here; i.e., for ps2. 
The function 4; may be calculated easily in the Tomo- 
naga approximation,® wherein it is assumed that just 
one radial function is required to describe the bound 
pion states. Then® 


tanm=—xppof2(p)/P f Hak f2(8)(ko— po), (22) 


where P denotes principal value of the integral and 
fi(k) is the Fourier-Bessel transform of the radial 


6 G. Chew and F. Low, Proceedings of the Fifth Annual Rochester 
Conference on High Energy Nuclear Physics (Interscience Pub- 
lishers, Inc., New York, 1955). 

7In order to obtain the best fit, use was made of the suggestion 
of Chew and Low that the quantity fo appearing in Eq. (19) be 
replaced by w* = po+ p?/2M, in order to take some account of the 
nuclear recoil. 

§ Maki, Sato, and Tomonaga, Progr. Theoret. Phys. (Japan) 9, 
607 (1953). 
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function. For /=1, it is usually assumed that 


Silk) =k/ko', R<K 

23 

=0 ,k>K, a 

with K an appropriately chosen cutoff. In order that 

mi be very small for moderate energy, the cutoff must 
be large compared to p. In that case 

tanm ~ —1(p/po)*(po/K). (24) 

Equation (16) certainly implies that tann;<0.2 for 

p=2, but then we must have 


K29r, (25) 
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which would seem to be an unreasonably large value 
for K. 

The difficulty may result from our use of the Tomo- 
naga approximation. It has been suggested® that there 
is an important correlation between the pions in the 
bound P-states of the nucleon, in which case the use of 
a single radial function is inadequate, and the form 
of Eq. (22) must be revised.’ No adequate calculation 
of 7, has been carried out for the case of correlation, 
largely because an appropriate substitute for Eq. (23) 
has not been suggested. It is not clear that such a 
calculation would lead to small m, but the possibility 
remains until the contrary is demonstrated. 


® W. G. Holladay and R. G. Sachs, Phys. Rev. 98, 1155 (1955) 
and W. G. Holladay, Phys. Rev. 101, 1198, 1202 (1956). 
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The records of a number of balloon flights which coincided with outstanding solar disturbances during 
the period 1947-1952 have been subjected to detailed statistical analysis in a search for associated fluc- 
tuations in the primary cosmic-ray flux. The intensity at very high altitudes was enhanced in four cases, 
and normal on five occasions when rf radio disturbances and/or visually-observed solar flares occurred. In 
some instances, outstanding chromospheric eruptions are not accompanied by any detectable increase in 
the flux of primary cosmic-ray particles even down to the very low energy required for just penetrating 
10 g/cm? of matter. On the other hand, additional low-energy particles apparently associated with solar 
disturbances sometimes are detected at very high altitudes, even when the flares are small and the observing 


station is outside the morning impact zone. 


I. INTRODUCTION 


NLY four unusual increases in the cosmic-ray 

intensity coincident with the occurrence of out- 
standing solar flares have been observed with instru- 
ments operating at low altitudes in almost two decades.! 
Thus, it is self-evident that certain special conditions 
must prevail for events of this type to be detected by 
the existing stations. 

One important factor relating to this matter concerns 
the accessibility of the various allowed regions on the 
earth for charged particles originating at the sun. A 
detailed examination of the form of the individual 
trajectories is required in this case. This problem was 
first attacked by Schliiter? whose results regarding the 
intensity distribution at the earth, based upon the 


* Assisted by the Office of Naval Research and by the U. S. 
Atomic Energy Commission. 

1 Forbush, Stinchcomb, and Schein, Phys. Rev. 79, 501 (1950). 

Note added in proof.—The fifth unusual increase, world-wide in 
character and of much greater magnitude than any observed 
previously, commenced at 350 UT, February 23, 1956. This event 
has been reported by numerous stations. 

2 A. Schliiter, Z. Naturforsch. 6a, 613 (1951). 


integration of twenty Stérmer orbits, indicated that a 
maximum should occur at a particular local time, which 
for positive particles of momentum several BevXZ/c 
originating at the sun in the equatorial plane is 0900 hr. 
Firor® has derived the distribution of impact zones on 
the earth for particles of magnetic rigidities 1-10 Bv 
which originally approach from the sun, and has shown 
that at intermediate latitudes the relative intensities at 
0900 hr, 0400 hr, and at all other times are in the ratio 
7:3:1. Except at very high latitudes where perturba- 
tions may be introduced by nondipole terms in the 
terrestrial magnetic field, the observed world-wide 
increases agree with theoretical predictions relating the 
expected magnitude of the increase to location of the 
station at the time of the disturbance. Furthermore, 
data obtained with the Climax neutron monitor* 
appeared to support the supposition that additional 
particles approach the earth from the direction of the 
sun at the time of perhaps even all flares, at least when 
the detector is in a morning impact zone. 


3 J. Firor, Phys. Rev. 94, 1017 (1954). 
‘Simpson, Fonger, and Trieman, Phys. Rev. 90, 934 (1953). 
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Forbush, Stinchcomb, and Schein! observed that 
during the most recent and largest of the four classic 
events, the percentage increase registered with a 
shielded ionization chamber at 3500 m was 4.8 times 
that at sea level. Since only about 10% of the total 
ionization at this altitude under 12 cm of Pb is nor- 
mally due to local radiation originating from the nucle- 
onic component to which the flare effect is attributed, 
the flux of primary particles producing the observed 
207% increase probably rose to at least twenty times 
the normal value, if the additional radiation is in the 
same band of energy as that ordinarily contributing to 
this fraction of the ionization. 

In view of the foregoing considerations, it seemed 
reasonable to expect that during disturbed periods 


AUGUST 12,1947 


G-M counter trains near the “top of the atmosphere” 
might detect smaller increases which could occur much 
more frequently and which are not observable at low 
altitudes, particularly if the energy of the new particles 
is near the minimum permitted by the earth’s magnetic 
field. One case in which an increase of the primary 
intensity was detected only at very high altitudes 19 
hours after the commencement of the outstanding 
chromospheric eruption of May 10, 1949, has in fact 
been reported previously.® Neher® has also observed 
fluctuations in the primary radiation attributable to 
the presence of additional low-energy particles possibly 
arising from solar flares. 

Owing to inherent technical limitations, it has been 
impossible thus far to perform controlled experiments 
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Fic. 2. Cosmic-ray data 
obtained during balloon 
flight of August 19, 1949. 
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5M. A. Pomerantz, Phys. Rev. 81, 731 (1951). 
6 Neher, Peterson, and Stern, Phys. Rev. 90, 655 (1952). 
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TaBLeE I. Summary of balloon flights conducted during 








Hg flare 


Time of 
maximum, 
UT 


Time ob- 
served,*® 
UT 


Date Imp. 


Position 
(degrees) 


2800-Mc/sec radio event 
Post- 
burst 
Time of increase 
maximum end, 
UT UT 


Energy excess® 
Post- 


Type> Burst burst 





August 12,1947 3 1401-1501 1409 


May 11, 1949 None reported ; 
19 hours before flight, 5/10/49; 


3+ 2000-2220 


August 19,1949 3 2104-2205 
1 2337-2341 


None reported 


2111, 2118 
2338 


September 27, 
1949 


October 4, 2 1610-1637 


1949 


1514-1654 
1544-1709 


1515-1535 
1530-1600 


1637-1730 
1710-1819 
1754-1912 
1910-1930 


October 11, 
1949 


1523, 1551 
1651 


1517 
1534 


1652? 
1719 
1758 
1910 


January 27, 
1951 


May 17, 1951 


meee RR NORD 


January.17, Not observing 


1952 


13N 24E 


13N 10W 
15SN 7W 


14N 30E 


1550 >850 


(1060)° 


Null; receiving conditions unfavorable 


1402-1420 Single; post ? 350 


2103—2115 Single; post 2112 2220 387 565 


1535-1539 Single 1537 


1609-2209 Period ir- 1626 
regular 


fluctuations 


19N 22E 
13S 29E 


12S 17E 
8N 6E 


18N 24W 
23N 24W 
11N 10W 
14N 13W 


1528-1600 


Not observing 


Burst; post 


1633-1730 Single; post 

1709-1715 Single; post 

1755-1915 Gradual rise 
and fall 


12 
64 
400 


Null; receiving conditions unfavorable 








® Where time is italicized, it refers to the beginning or ending of the event; otherwise it refers to the period during which the event was observed to be 


in progress. 
> As described in reference 15. 
© Units for energy excess are 10-* joules meter~? (cycle/sec)='. 


for measuring the primary cosmic-ray intensity with 
balloon-borne apparatus during large solar flares. 
However, during the period 1950-1952, several flights 
were released to coincide with the central meridian 
passage of extremely active region on the sun at times 
when other types of solar observations portended pos- 
sible eruptions. Thus, warnings of impending unusual 
activity were transmitted by the Central Radio Propo- 
gation Laboratory or by the Cornell University Radio 


Astronomy Observatory.’ Furthermore, it appeared 
conceivable that during the course of an extensive 
balloon-flight program conducted between 1947 and 
1952, some flights may have been aloft by chance when 
a flare occurred. Hence, a search for such coincidences 
was conducted, and the records re-examined in detail 
for evidence of any possible statistically-significant 
fluctuations of the cosmic-ray intensity. The results 
will be presented herewith together with a summary 
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of August 19, 1949. 
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’ The author wishes to express his appreciation to A. H. Shapley of the National Bureau of Standards and S. M. Colbert of Cornell 
University for their cooperation in transmitting prompt warnings of unusual solar activity. 
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periods of outstanding solar activity, and related solar data. 








200-Mc/sec radio event 


Geomag- 
netic 
latitude 


Time ob- 


served,* UT General activity 


Primary cosmic radiation 
Time of 
arrival 
at ceiling, 
local solar Particle 
time flux 


Residual 
atmosphere 
at ceiling, 
g cm~? 


Interposed 
absorber, 
gcm~? 





Not observing 


Very high base level and 
burst activity immedi- 
ately following flight 


Not observing 


Not observing 
Not observing 


1628-1629 High base level and 


burst activity 


1605-1645 


1514-1515 
1638-1639 


1627-1628 
1300-2100 


High burst activity 


High base level and 
burst activity 


1835-1856 
1917-1922 
1953-1955 


High base level and 
burst activity 


52°N 40 6 


52°N 16 


69°N 


52°N 


52°N 


52°N 


1000 Normal 


Enhanced 


Normal 


Normal 


Normal 


Normal 


Enhanced 


Enhanced 


1515 Enhanced 








4 According to Cornell classification, Radio Astronomy Report No. 17, December 1, 1951, School of Electrical Engineering (Cornell University, Ithaca 


1951), p. 6, 
¢ ( ) Indicates estimated value. . 
f Radio record is incomplete, and detailed classification is not possible. 


of all available data obtained by various solar obser- 
vatories while the flights were in progress. 

The apparatus comprised standard quadruple-coin- 
cidence counter trains which have previously been 
described in detail.* 


II. PRESENTATION OF DATA 


The dates upon which flights were aloft at sufficiently 
high altitudes during periods of significant solar ac- 
tivity are listed in Table I together with the basic obser- 
vational data. Where time is italicized, it refers to 
the beginning or ending of the event, otherwise to the 
period during which the event was observed to be in 
progress. H, flare data® were derived from the Quarterly 
Bulletin of Solar Activity of the International Astro- 
nomical Union and reports of the Central Radio 
Propogation Laboratory of the National Bureau of 
Standards. Radio data at 2800 Mc/sec were recorded 
by the National Research Council of Canada in 
Ottawa,” and at 200 Mc/sec by the Radio Astronomy 

8M. A. Pomerantz, Phys. Rev. 95, 531 (1954) and other 
references contained therein; see also Electronics 24, 88 (1951). 

® The author is grateful to Dr. Helen W. Dodson for evaluating 
some of the solar flare data contained in Table I. 
1 We wish to thank Dr. A. E. Covington for providing the 


2800-Mc/sec solar radiation data as well as the tracings of the 
original records, 


Observatory of Cornell University at Ithaca, New 
York." The cosmic-ray data will be presented in detail 
only for the more interesting examples, although brief 
comments will be made in each case. 
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Fic, 4. Cosmic-ray data obtained during balloon 
flight of October 4, 1949. 


4 We wish to thank Dr. C. R. Burrows for providing the 200- 
Mc/sec data as well as the reproductions of the original records. 
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OCTOBER 4, 1949 


1. August 12, 1947.—An H, flare of importance 3 
commenced while the instrument was above 85 000 
feet. Detailed statistical analysis of the data recorded 
at higher altitudes for one hour thereafter, including 
the chi-square test, revealed no abnormalities. The 
primary flux determined from the plateau counting rate 
was in good agreement with the normal value estab- 
lished with the present techniques. The 2800-Mc/sec 
event, shown in Fig. 1, ranked 17th among the 233 
outstanding disturbances listed for a three-year period. 

2. May 11, 1949.—Details concerning this flight 
have been published previously.® 

3. August 19, 1949.—Figure 2 is a plot of the counting 
rate as a function of atmospheric pressure for this 
flight. Combined data obtained in flights during undis- 
turbed periods are represented by solid dots. At alti- 
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Fig, 6. Cosmic-ray data obtained during balloon 
flight of October 11, 1949. 


tudes below the lowest for which points are plotted in 
this and some of the subsequent figures, the data from 
the indicated flight agree with the composite curve 
within statistical expectation. Although a flare of 
importance 3 and a 2800 Mc/sec event (Fig. 3) with 
moderately large energy excess occurred during the 
ascent, there is no indication of any significant fluctu- 
ation in the cosmic-ray intensity. This case is of par- 
ticular interest because it is the only example of a coin- 
cidence at geomagnetic latitude 69°N, where the cutoff 
energy imposed by the geomagnetic field is 100 Mev 
for protons, and the minimum energy required to 
penetrate the counter train and the residual atmosphere 
down to the lowest point on the counting rate plateau 
(<17 g cm” total) is 150 Mev. The record was inter- 
rupted during the descent immediately prior to the 
onset of a second smaller flare. The uncertainties 
indicated are statistical standard deviations, and the 
plateau counting rate was determined by averaging all 
available data obtained with this arrangement at alti- 
tudes exceeding that corresponding to 10 mm of Hg. 

4. September 27, 1949——Although no flare was 
reported, this flight is listed because a small burst was 
observed at 2800 Mc/sec just before the apparatus 
reached peak altitude. There is no indication of any 
abnormal fluctuation in the cosmic-ray intensity either 
in the plateau region, where the average counting rate 
agreed with the established value for this arrangement, 
or during the descent. 

5. October 4, 1949.—As is indicated in Fig. 4, a flare 
was observed to be in progress just after the instrument 
had attained the record-breaking altitude of 136 000 
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Fic. 7. Trace of 2800-Mc/sec record 
of October 11, 1949. 





COSMIC-RAY OBSERVATIONS 


feet. No significant fluctuations occurred at any time 
during the flight, as confirmed by the chi-square test. 
Although descent data following termination of the 
flare are not plotted in the accompanying figure, the 
points are in excellent agreement with the normal curve 
throughout the atmosphere. It should be pointed out 
that the time of arrival at the 100-mm level during the 
descent followed flare maximum by 1 hour, yet no 
delayed effect was detected at that depth. The 2800- 
Mc/sec event (Fig. 5) that is designated “period of 
irregular activity” is relatively rare, only six having 
been observed out of 233 outstanding disturbances in 
the three year period, 1947-1950. 

6. October 11,.1949.—Although two flares of im- 
portance 2 occurred simultaneously while this flight 
was in progress, there are no fluctuations to which 
statistical significance can be ascribed in the cosmic-ray 
data plotted in Fig. 6. The chi-square test yielded a 
satisfactory result. The burst energy excess at 2800 
Mc/sec (Fig. 7) is the fourth largest among 233 out- 
standing disturbances observed in a three-year period, 
and greatly exceeds the average for all bursts. 

7. January 27, 1951.—As is evident in Fig. 8, 
although the data obtained at low altitudes during this 
flight were in reasonable agreement with those for 
normal days, a marked departure occurs in the upper 
regions of the atmosphere (p<80 mm). Considerable 
burst activity was observed at 200 Mc/sec, as is seen 
in Fig. 9, where the relative counting rates are repre- 
sented in the form of a histogram. The yellow coronal 
line, which is quite rare, was visible on the west limb 
passage of region 51A which on this date was one day 
































1951. The numbers on the histogram refer to the average atmospheric pressure 
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Fic. 9. Reproduction of 200-Mc/sec record of January 27, 
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Fic. 8. Cosmic-ray obtained data during balloon 
flight of January 27, 1951, 
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Fic. 10. Isophotal contour map of solar corona on January 
27, 1951. Station: Sacramento Peak. Line: 5303 A. Meridians 
indicate day distance from central meridian. Contours at 10, 
16, 22, 28, 34. The open circles denote flares. The zig-zag symbol 
indicates a yellow line. 


east of central meridian as shown on the isophotal 
contour map” in Fig. 10. 
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Fic. 11. Cosmic-ray data obtained during balloon 
flight of May 17, 1951. 


2 The isophotal charts are from Reports of the High Altitude 
Observatory, Boulder, Colorado, kindly prepared by D. E. 
Trotter and W. O. Roberts. 


Fic. 12. Isophotal contour map of solar corona on May 15, 
1951. Station: Sacramento Peak. Line: 5303 A. Meridians indicate 
day distance from central meridian. Contours at 10, 16, 22, 28, 
34. The open circles denote flares. The zig-zag symbol indicates 
a yellow line. 


8. May 17, 1951.—Figure 11 reveals that although 
this flight was quite normal in the lower atmosphere, 
counting rates throughout the upper tenth of the atmos- 
phere were higher than normal. Region 514A at central 
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Fic. 13. Relative cosmic-ray flux as a function of time during 
flight of May 17, 1951. The numbers on the histogram refer to the 
average atmospheric pressure, in mm of Hg, during the indicated 
intervals. 
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Fic. 14. Trace of 2800-Mc/sec record of May 17, 1951. 


meridian on this date (Fig. 12) displayed maximum 
activity this passage. The associated sun-spot group 
was one of the largest ever reported, and 61 flares were 
observed during this transit. The flare-activity index 
of 2000 was the sixth largest in more than a one-year 
compilation of this rating.!* The yellow coronal line was 
visible at each limb. Figure 13 shows a histogram of the 
relative cosmic-ray flux as a function of time together 
with notations about the various phases of the con- 
current solar activity, and Fig. 14 is the corresponding 
2800-Mc/sec record. Although the bursts are of average 
magnitude, it is highly unusual for so many to occur 
during a single day. 

9. January 17, 1952.—As may be seen in Fig. 15, 
the cosmic-ray intensity was high only during certain 
portions of this flight. There is a suggestion in Fig. 16 
of some correlation with the 200-Mc/sec burst activity. 
Region 51A which was the most important of any 
observed during the preceding year was still active 
when it crossed central meridian on this date (Fig. 17), 
although the activity was declining. The other active 
region, 515, almost indistinguishable from 51A, was 
one day west of central meridian. Very great burst 
activity and high median flux had been recorded at 
200 Mc/sec during the preceding days, January 15-17, 
with the bursts becoming more distinct and inter- 
mittent on the day of this flight. 


III. DISCUSSION 


Although the number of available observations is 
necessarily limited in view of the necessity of depending 
solely upon chance coincidences between successful 
balloon flights and outstanding solar disturbances, 
certain general conclusions can nevertheless be drawn. 
Perhaps the most significant is that some outstanding 
chromospheric eruptions are not accompanied by any 
detectable increase in the flux of primary cosmic-ray 
particles even down to the very low energies required 
for just penetrating 10 g/cm? of matter. On the other 
hand, additional low-energy particles apparently asso- 
ciated with solar disturbances sometimes are detected 


at very high altitudes even when the visually-observed 
flares are small, and the observing station is outside 
the morning impact zone. 

Simpson’s observations at aircraft altitudes had indi- 
cated that fluctuations and large changes of intensity 
of the neutron component may occur during solar and 
terrestrial disturbed days. Experiments with neutron 
monitors at low altitudes revealed increases of the 
primary flux apparently coinciding with central 
meridian passage of active regions on the sun."* Event 
No. 2 above had also demonstrated that a disturbed 
condition such as is characterized by unusual rf radia- 
tion activity may result in additional cosmic-ray par- 
ticles even though no visual flares are in progress. The 
possibility is suggested that a sudden chromospheric 
eruption is an effect, and not a cause; i.e., that both 
the cosmic-ray increase and the flare may have a 
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Fic. 15. Cosmic-ray data obtained during balloon 
flight of January 17, 1952. 


18 J. A. Simpson, Phys. Rev. 83, 1175 (1951). 
™ Simpson, Fonger, and Wilcox, Phys. Rev. 85, 366 (1952). 
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Fic. 17. Isophotal contour map of solar corona on January 17, 
1952. Station: Sacramento Peak. Line: 5303 A. Meridians in- 
dicate distance from central meridian. Countours at A, B, C, 
D, E, and C’. Plages, X. Sunspots: umbrae and penumbral ©, 
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common origin. It is of interest to recall that among the 
world-wide increases observed by Forbush,! enhanced 
intensity persisted in one instance (July 25, 1946) for 
a period extending 26 hours following termination of 
the visual flare.'® 

Consideration of all outstanding 2800-Mc/sec dis- 
turbances recorded at Ottawa between March 27, 1947 
and June 30, 1952 has provided strong evidence that 
there is an outstanding event or sudden disturbance at 
this frequency only when a flare or subflare is in 
progress.'* However, flares of importance 2 or 3 are not 
always accompanied by a disturbance at 2800 Mc/sec. 
Furthermore, although 78% of the flares included 
in a study of the 200-Mc/sec radiation records of 
Cornell University were found to have accompanying 
events at this frequency, 43 flares, including 11 major 
H, phenomena, did not.!’ The flares for which no dis- 
tinctive event occurred represented a random sample of 
the entire set of 194 examined. Whether the cosmic- 
ray effects are similar to those of the rf radiation with 
respect to their association with flares cannot, of 
course, be decided on the basis of the meager data now 
available. A systematic approach to this problem 
during the next active portion of the solar cycle in 
conjunction with the International Geophysical Year 
program may help to provide an answer to this question. 
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Fic. 16. Reproduction of 200-Mc/sec record of January 17, 1952. The numbers on the histogram refer to the avera 


15 Note added in proof.—The recent enhancement of February 
23, 1956 also excluded for a long period after the plane had sub- 
sided. D. C. Rose (private communication) and A. E. Sandstrém 
(private communication). 

( 16 Dodson, Hedeman, and Covington, Astrophys. J. 119, 541 
1954). 
xn74 AVE 31NS09 aatiwiaw | wa Hedeman, and Owren, Astrophys. J. 118, 169 
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Radiative «—e Decay* 


Tetsuo Ecucuit 
Institute for Atomic Research and Department of Physics, Iowa State College, Ames, Iowa 
(Received December 16, 1955) 


Under the assumption that the pion decay into an electron and a neutrino is forbidden or partially for- 
bidden, the probability for a pion to decay into an electron, a neutrino, and a photon is considered under 
general assumptions as to the intermediate state. The spectra of the electron energy in this radiative decay 
are obtained for the various types of the interaction between the particles in the intermediate state and the 
leptons in the final state. The total probability of the radiative decay is of the order of 10-* per r—y decay, 
except in the case of the scalar interaction where both the radiationless and radiative decays are forbidden. 





N their recent experiment Lokanathan and Stein- 
berger’ have found that the probability for a pion 
to decay into an electron and a neutrino, 


at—et+y, (1) 


is less than 5X10~® that for the ordinary decay into a 
muon and a neutrino, 


at—pt- vp, (2) 


This seems to indicate that (1) is forbidden or at least 
partially forbidden, whereas (2) is allowed. Theoretically 
it is known? that if we assume that the decays (1) and 
(2) take place via a virtual nucleon pair, then among 
five possible types of the interaction between nucleons 
and leptons, the scalar (S), vector (V) and tensor (7) 
interactions forbid those transitions, and the axial 
vector (A) interaction makes (1) partially forbidden 
by reducing the matrix element for (1) by a factor of 
m,/m, compared to that of (2), if the same type of the 
interaction is assumed for those transitions. The latter 
result has also been obtained by Miyazawa and Oehme’® 
as an application of their general theorem, without 
making any specific assumption as to the intermediate 
state. 

In case (1) is forbidden or partially forbidden, the 
radiative decay, 


rtet+r+y7, (3) 


may be allowed and become significant in the electron 
decay of pions. The present note gives a general con- 
sideration of the probability of the radiative decay (3). 
The selection rules and the forms of the matrix elements 
for the radiationless and radiative decays (1) and (3) 
can be obtained from the invariance requirements 
which the matrix elements must satisfy under the 
Lorentz and the gauge transformations. The calcula- 
tion shows that the spectrum of the electron energy in 
the radiative decay depends strongly upon the type 
of the interaction we assume, and that the total 


* Contribution No. 415. 

+ Now at Department of Physics, Faculty of Science, Kyushu 
University, Fukuoka, Japan. 

1S, Lokanathan and J. Steinberger, Phys. Rev. 98, 240(A) 
1955). 
8 “| Ruderman and R. Finkelstein, Phys. Rev. 76, 1458 (1949). 

3H. Miyazawa and R. Oehme, Phys. Rev. 99, 315 (1955). 


probability of the decay is of the order of 10-* that 
of the ordinary decay (2). The results are compared 
with the previous estimates made with regard to this 
problem. 

We assume that the radiationless decays (1) and (2) 
take place according to the Feynman diagram shown 
in Fig. 1: a positive pion with 4-momentum g produces 
a virtual state which is represented by a circle in the 
diagram. The virtual state, which is not specified in 
detail, is subsequently replaced by a positron (or a 
positive muon) and an antineutrino, with 4-momenta p 
and /, respectively, due to the interaction at a point 0. 
The invariant matrix element for the transition can be 
regarded as a scalar product of two tensors, Jt, and 
Mts, where Mt; involves the spinor amplitudes @ and »v 
of the positron (or muon) and the antineutrino, with 
an interaction at the point 0, and Yt, consists of the 
pseudoscalar amplitude ¢ of the pion and the con- 
tribution from the intermediate state. 

Among the five possible forms of Jt; (S, V, 7, P, and 
A) only P and A can make the transition possible, 
because Jt; with S, V, or 7 character has no corre- 
sponding 9%. which we can construct out of the given 
quantities of the pion and the intermediate state. The 
matrix element for the decay (1) should therefore have 
one of the forms': 

S, V, and T: forbidden, 


P: gi(tysv)d, (4) 
£2 Me 
—(tysyx0) p= ——g2(try50)o, (5) 


m m 


where m and m, are the masses of the pion and electron. 

(The mass of the neutrino is neglected.) g; and ge are 

certain dimensionless constants. The right-hand side 

of the expression (5) follows from the conservation law, 
possible only in the cases 


KR as te) 
of the P and A inter- GY 


actions. D 


Fic. 1. Feynman dia- 
gram for the pion decays 
(1) and (2), which are 


e'(p’) 


4 We use the units c=h#=1. y,(A=0, 1, 2, 3) and 7 are ordinary 
Dirac matrices. A - B= A,B) = AoBo— (A,B, +A2B2+A;3B3). 
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e 
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(a) (b) 
Fic. 2. Diagrams for the radiative decay (3). (a) is allowed in 


the cases of the P and A interactions, and (b) in the cases of the 
V, T, and A interactions. 


qg= +l, and is an example of the equivalence theorem 
and the theorem of Miyazawa and Oehme.* 

For the radiative decay we have the two diagrams 
shown in Fig. 2. Figure 2(a) represents the inner 
bremsstrahlung by the positron, the matrix element of 
which is obtained by the perturbation method, and 
Fig. 2(b) is the radiation by one of the particles in the 
virtual state, the corresponding matrix element being 
obtained by considerations similar to those of the radia- 
tionless decay, except for the requirement of the gauge 
invariance. After the gauge of the electromagnetic field 
is chosen such that A-g=0, where A is the amplitude 
of the photon emitted, the matrix element should have 
one of the forms: 


S: forbidden, 


fi 
Vi —(eysrrerr) Ark gaF (qb) 
m 
fe 
— (tren) Arkh 2(q- k) 
m 


1 
es *n—__—1a) 4 rd, (8) 


(Putky)¥u—mMe 
e£2 1 
*(#, 
m (Putky)Y¥u—m 





: ova) nq 


4 orens)A OF 3(q-k), (9) 
m 


where & is the 4-momentum of the photon, and /,, fs 
and fs are certain constants. F,(q-k), F2(q-k) and 
F;(q-k) are certain scalar functions of g-k, which can 
be expressed by expansions of the form 


(q-k) (qk)? 
F(q-k) =1+a:—+ai2——+ ---. 
m m4 


(i=1, 2, 3). 


If we regard the above expressions as the result of the 
expansion of the electromagnetic wave into the power 
series of the ratio between the pion radius, which is 
assumed to be 1/m, and the wavelength of the radia- 
tion, we can reasonably assume that the numerical 
coefficients a are of the order of unity. Thus the func- 


* K. M. Case, Phys. Rev. 76, 14 (1949). 
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tions F;(q-k) are of the order of unity and henceforth 
we shall replace them by one, except in the case of the 
A interaction where we take up to the second term of 
the expansion for the following reason. 

In the limit as kR-0, the second term of the expression 
(9) should be identical with the correction term of (5) 
which we obtain by replacing q in the left-hand side 
of (5) by q—eA. We therefore get /;= —eg./m. The 
expression (9) now reduces to 


Me 1 
a ets( era Xe) 
m (Putky)yu—me 


a1€£2 
= (@ysmr)Ar(q-k)o+:--, (10) 
me 

by the use of the conservation law qg=p+/+k. We 
note that the radiative decay (3) with the A interaction 
is partially forbidden to the extent that the first term 
of (10) applies, as in the case of the radiationless decay 
with the same interaction. 

In view of the fact that the interaction constant 
between nucleons and electron and neutrino is of the 
same order as that between nucleons and muon and 
neutrino,® it seems natural to assume that 


£i£2~G and fi,fe~eG, 


where G is the effective coupling constant of the r—y 
decay (2) which is assumed to have the matrix element 
of the type (4). 

Under these assumptions we can calculate the prob- 
ability of the decay (3) by the usual perturbation 
method. The results for the probability of this decay 
with the energy of the positron between E and E+dE 
are 


Ge 
V: Wy(E)dE= 
1928 


-(3m?—12mE+ 1422) EGE, 
m 


Ge 
Wr(E)dE=———(m—2E) FE, 
162°m? 


Cr 2E 
W p(E)\dE=——— (m?+-4E?) log— 


162°*m m—2E 


Me 


m 
—2mE log—"_—— 2m dE, 


m—2E 
Me\? 
W4(E)dE= (“) Wp(E)\dE+a?W y(E)dE 
m 


aG"e? (“ 


~*) (m—2E) 
642m? \ m 


2E 
x (m—2E) log—-+m log 
Me m—2E 
* J. Tiomno and J. A. Wheeler, Revs. Modern Phys. 21, 153 
(1949). 


=F | dE. 
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The total probabilities given by the integral of the 
above expressions, relative to that of the r— decay 
(2), which is G?m/8mr, are ~10-* for the V, T and A 
assumptions, and ~10~ for the P assumption, where 
for the latter two cases (A and P) the positron energy 
up to 65 Mev has been taken because of the infrared 
divergence at E=m/2~70 Mev. It is well known that 
the P interaction must be excluded because it gives a 
higher probability for (1) than for (2). The distributions 
of the positron energy given by Wy(E), Wr(E) and 
W 4(E) are shown in Fig. 3. The V interaction gives a 
monotonic increase of the probability up to the maxi- 
mum energy. For the T interaction the probability is 
the maximum at E~50 Mev and zero at 70 Mev, 
whereas the A interaction predicts that the radiation- 
less decay (1), which has the probability 10~ relative 
to the w—y decay, is more likely than the radiative 
decay. It is hoped that future experiments will reveal 
which interaction is actually effective. 

Ruderman’ calculated the probability of (3) to the 
lowest order of the perturbation, by assuming that the 
process takes place by the virtual creation and annihila- 
tion of a nucleon pair, assuming a pseudoscalar inter- 
action between a pion and a nucleon and various beta- 
interactions between nucleons and leptons. The integral 
over the momentum of the virtual nucleon is divergent 
in all cases except the V interaction, for which he ob- 
tained ~10~ sec as the total probability for the 
radiative decay, a slightly higher value than our 
present result. For the A interaction, he considered 
only the diagram of the type of Fig. 2(a) and obtained 
the ratio of the probabilities of the radiative and the 
radiationless decays (3) and (1) as ~10, which is 
probably incorrect because the contribution of the 
diagram Fig. 2(b) gives a matrix element which is of 
the same order, but of the opposite sign, as that of Fig. 


™M. Ruderman, Phys. Rev. 85, 157 (1952). 
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Fic. 3. Distributions of the energy of the positron in the 

radiative decay (3). V, 7, and A in the above graph represent 

Wy(E), Wr(E)/5 and Wa(E) of (11), respectively, with a,=1. 


(2a). Miyazawa and Oehme’ expected that the partial 
forbiddenness of the process (1) with the A interaction 
would in some cases be removed in the process (3), but 
our general consideration shows that this still exists 
in the radiative process to the first approximation, and 
that the radiative process can never exceed the radia- 
tionless decay. Our result for the total probability is in ‘ 
essential agreement with that obtained by Iwata ef al.® 
who have calculated the matrix element to the first 
order of the pion-nucleon interaction constant. Finally 
we note that the observation of the distribution of the 
positron energy in the radiative decay (3), especially 
in the region where E£ is close to 70 Mev, would give us 
a check on the choice of the beta interaction. 

The author wishes to express his thanks to the 
Institute for Atomic Research, Iowa State College, for 
the privilege of studying there. 


8 Iwata, Ogawa, Okonogi, Sakita, and Oneda, Progr. Theoret. 
Phys. (Japan) 13, 330 (1955). 
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Energy Distribution of Neutral Mesons Produced in Cosmic-Ray Stars* 
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(Received September 23, 1954; revised manuscript received January 19, 1956) 


A cloud-chamber study of the energy distribution of neutral mesons produced in cosmic-ray stars is 
reported. The cloud chamber contained a Nal scintillation crystal plate and was triggered when a nuclear 
interaction in the crystal caused a scintillation light pulse. Photons associated with nuclear interactions 
produced visible soft showers in passing through several lead plates placed below the crystal plate, and 
their energies are estimated from the sizes of these showers. It is concluded that the majority of photons 
associated with cosmic-ray stars arise from the usual mode of neutral meson decay, i.e., 927. The energy 
distribution (differential) of the neutral mesons is given as a power-law spectrum of exponent y= —1.5:+0.2 
for x® energy between 400 and 900 Mev and y= —2.7+0.5 for 7° energy between 900 and 2000 Mev. The 
data are consistent with an extension of the power-law spectrum given above up to a 7° energy of about 


5000 Mev. 





I. INTRODUCTION 


HE existence of the neutral meson and its decay 
with a very short ¥fetime into two photons are 
well established by a number of experiments! by the 
Berkeley group using high-energy accelerator beams. 
Prior to these machine experiments, however, several 
cosmic-ray cloud-chamber studies* showed that photons 
are often emitted from energetic nuclear interactions 
and that these photons could, in many cases, be in- 
terpreted in terms of the r°—2y process. 

The first quantitative results on cosmic-ray neutral 
mesons were obtained by Carlson e/ al.‘ who investigated 
the properties of photons that materialized in nuclear 
emulsions exposed at high altitude. In this experiment 
with nuclear emulsions, it was not possible to deter- 
mine the origin of individual photons, but the energy 
spectrum of photons was shown to be entirely consistent 
with the view that these photons arise from the r°—2y 
process. Assuming that the photons arose solely from 
this process, they deduced the differential energy 
spectrum of the parent neutral mesons as a power law 
of exponent — 1.5 up to a r® energy of about 900 Mev. 

Certain aspects of the production and the decay of 
neutral mesons can be advantageously studied with 
multiplate cloud chambers: here decay photons 
materialize in the plates with a good efficiency, and 
they can be related with very little ambiguity to the 
particular nuclear interaction that produced the 
neutral mesons. Thus, with a multiplate cloud chamber, 
the inference one can make on the parent neutral 
mesons is much more direct than that, for example, 
with nuclear emulsions. However, the events observed 

* The work was supported in part by the joint program of the 
U. S. Atomic Energy Commission and the Office of Naval 
Research, and was submitted by the author to the Graduate 
School of Princeton University in partial fulfillment of the require- 


ments for the Ph.D. degree. 
+ Now at the Department of Physics, University of Washington, 
Seattle, Washington. 
1 Bjorklund, Crandall, and Moyer, Phys. Rev. 77, 213 (1950). 
2 Steinberger, Panofsky, and Steller, Phys. Rev. 78, 802 (1950). 
3 References to the early cloud-chamber work on neutral mesons 
are given in reference 5. 
4 Carlson, Hooper, and King, Phil. Mag. 41, 701 (1950). 


with a counter-controlled cloud chamber are usually 
selective in one way or another, and appropriate care 
must be taken for possible bias effects. In the early 
cloud-chamber experiments, Geiger counters were 
placed under the chamber and the selection was biased 
in favor of high-energy events, especially high-multi- 
plicity cascades. 

To minimize selection bias of this kind, Salvini and 
Kim’ placed a Nal scintillation crysta! plate in their 
chamber and triggered the chamber whenever the 
crystal emitted a light pulse of intensity above a certain 
discrimination level. Since nuclear interactions occuring 
in the Nal crystal usually emit a number of evaporation 
particles, they set the discrimination level so that a 
light pulse induced by one evaporation particle is 
sufficient to trigger the chamber. In this way they were 
able to select nuclear interactions in the Nal crystal 
independently of the number and behavior of the 
fast charged secondary particles produced in the 
interactions. 

The experiment by Salvini and Kim gave interesting 
information on the production of neutral mesons, but 
the statistics were not sufficient to obtain the energy 
distribution of the neutral mesons. The present experi- 
ment is essentially a continuation of that by Salvini and 
Kim, but it is particularly designed for obtaining the 
energy distribution of neutral mesons. 

To estimate the energy of a photon materializing in 
a multiplate cloud chamber, one essentially must make 
use of the size of the shower produced by the photon. 
The usual method is to count the number of secondary 
electrons in the shower and from this number infer the 
energy of the photon that initiated the shower. As is 
well known, this method is handicapped by the fact 
that individual showers of a given primary energy 
fluctuate quite widely around the average size. In the 
present investigation the fluctuation problem is studied 
in some detail in the light of the particular character- 
istics of a multiplate cloud chamber, and a reasonable 


5G. Salvini and Y. Kim, Phys. Rev. 88, 40 (1952). 
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criterion is adopted in estimating the energies of 
photons. 


II. APPARATUS AND SELECTION OF EVENTS 


The apparatus used in the present experiment is in 
many respects identical to that used by Salvini and 
Kim‘ and a detailed description can be found in their 
paper. 

The plate assembly and the triggering arrangement 
for the cloud chamber are shown in Fig. 1. The chamber 
was triggered by a light pulse from the Nal crystal 
in coincidence with the discharge of one or more 
counters of the tray A and in anticoincidence with the 
discharge of any counter of the tray B. The light 
pulse from the crystal was required to exceed an 
amount corresponding to the energy dissipated by one 
or more heavily ionizing particles or by 3 to 4 minimum 
ionizing particles traversing the crystal. With this 
triggering arrangement, we selected mostly protons and 
charged pions causing nuclear interactions in the crystal 
and rejected large air showers by the anticoincidence tray 
B. Since nuclear interactions occuring in heavy elements 
like Na and I usually emit heavily ionizing evaporation 
particles, and since no counter is required to discharge 
under the chamber, the present selection is regarded as 
independent of the number and behavior of the fast 
charged particles produced in the interactions. A typical 
example of the cloud-chamber photographs obtained 
in the present experiment is shown in Fig. 2. An event 
of this kind would not have been recorded had we used 
a selection scheme that requires Geiger counters to 
discharge under the chamber. 

The apparatus was in operation from September, 1952 
to May, 1953 at the Inter-Universities High Altitude 
Laboratory, Echo Lake, Colorado (altitude 10 600 ft). 
During this period over 10000 useful pictures were 
taken with about 15% showing nuclear interactions, 
or stars, occurring in the Nal crystal. In about 
300 stars photon showers emerge from the star origins, 
and these are classified in Table I according to the 
number of photon showers associated with each star. 


III. ESTIMATE OF PHOTON ENERGIES 


In the present experiment, one of the central problems 
is how to estimate the energy of a ‘photon from the size 
of the shower it produces. This problem has been in- 
vestigated by many workers in the past. But the prob- 
lem is inherently complex, and there exists as yet no 
agreed method which can be uniquely applied in every 
situation. 


TABLE I. Classification of stars according to the number 
of photon showers associated with each star. 








No. of photon 
showers in a 
star 1 2 3 4 


No. of stars 121 121 29 20 
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Fic. 1. Plate assembly and triggering arrangement 
for the cloud chamber. 


In general, the shower theory® approximately ac- 
counts for the average behavior of showers produced 
by electrons or photons in matter. However, since 
shower development is a stochastic process, one must 
also know the fluctuation around the average in order 
to relate shower development to energy in a statistical 
way. The study of fluctuation represents a rather 
difficult mathematical problem, and only relatively 
recent investigations’ have achieved a partial success 
in obtaining analytical solutions for the fluctuation. 
These solutions are, however, quite complicated and 
difficult to evaluate numerically. Moreover, for showers 
of low energies (of the order of several hundred Mev) 
in heavy elements such as lead, many of the physical 
assumptions made in the theory do not hold well, and 
the results for both the average and the fluctuation 
cannot be expected to apply accurately. 

Wilson" has approached this problem in an empirical 
way using the Monte Carlo method. In his method, 
one starts out with a particle (either an electron or a 
photon) of a given energy and determines its fate in 
passing through matter of a given thickness by spinning 
a wheel of chance on which the probability curves for 
various shower generating processes are drawn. This 
procedure is repeated at each successive interval of 
depth until either the particle disappears or its energy 
is degraded to such a low value that it thenceforth 
makes negligible contribution to the shower production. 
Any secondary particle produced on the way is followed 
in the same manner until all particles in the shower 
die out. Wilson applied this method to electron and 
photon initiated showers in lead for energies from 20 to 
500 Mev. For each energy he obtained about 100 case 


* For a general discussion of shower theory, see, for example, 
B. Rossi, High-Energy Particles (Prentice-Hall, Inc., New York, 
1952). 

7L. Janossy, Proc. Phys. Soc. (London) A63, 241 (1950). 
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1101 (1950). 

°H. Bhabha and A. Ramakrishnan, Proc. Indian Acad. Sci. 
32 (1950). 

( A. Ramakrishnan, Progr. Theoret. Phys. (Japan) 9, 679 
1953). 
1 R. R. Wilson, Phys. Rev. 86, 261 (1952). 
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Fic. 2. Example of nuclear interaction in the NaI crystal (the 
first plate), in which the production of a neutral meson is clearly 
observed. Both of the two decay photons start shower develop- 
ment at the third plate: the energy of the neutral meson is esti- 
mated to be about 1 Bev. In addition, a charged meson of energy 
about 90 Mev is produced in this event. No charged particle is 
seen to traverse the chamber completely, and this event would 
not have been recorded had we used a selection scheme that 
requires counters to discharge under the chamber. 


histories: the statistical accuracy of his data is roughly 
10 percent. 

The kind of information that can be obtained from 
Wilson’s shower data” and is useful in the present 
application is illustrated in Fig. 3. In this and subse- 
quent treatments of Wilson’s shower data, we counted, 
at each intergral radiation length, secondary electrons 
of energy greater than 8 Mev." Figure 3(a) shows how 
the average number of secondary electrons 7% varies 
with depth ¢. The plot of % vs ¢ is usually called a shower 
curve. Variation in the relative fluctuation, 


5=[((n—7)*)w ]*/M, (1) 


is shown in Fig. 3(b). In the same figure is shown for 
comparison the Poisson fluctuation 6p=1/(v)!. If 
shower particles were genetically independent, one 
would expect that the values of » of individual showers 
fluctuate around the average 7 according to Poisson’s 
law. It is of interest to note that at the cascade maxi- 


2 The author is greatly indebted to Professor R. R. Wilson 
for the use of his shower data. 

3 Electrons of energy less than 8 Mev will be scattered randomly 
in lead and would not contribute significantly to the observable 
number of secondary electrons. See reference 11. 
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mum tmex, Where the average number of secondary 
electrons is a maximum, the relative fluctuation is a 
minimum and close to the Poisson fluctuation, and 
that the fluctuation tends to increase before and after 
the cascade maximum. According to the theoretical 
work of Janossy and Messel,® this is a general feature 
of. cascade showers. 

The energy of a cascade shower can be estimated 
from a number of parameters. From the standpoint 
of a multiplate cloud chamber, the most practical ones 
are the track length and the cascade maximum, both 
of which depend on the shower energy approximately 
linearly. In terms of the shower curve such as given in 
Fig. 3(a), the cascade maximum represents the height of 
the curve at ¢max, while the track length represents the 
area under the curve. Of the two parameters the track 
length is undoubtedly preferred from the fluctuation 
point of view, but to obtain this quantity experimentally 
one must have the whole shower development available 
for observation. This condition is difficult to meet in 
the present experiment since the photons associated 
with nuclear interactions are generally inclined to the 
vertical and quite often part of the shower goes out of 
the illuminated region of the cloud chamber. 

In resorting to the cascade maximum, one is faced 
with larger fluctuations. That is, one must find out, 
in addition to the energy dependence of 7i(tmax), how 
n(tmax) Of individual showers fluctuate around the 
average. Before going into this problem, however, it 
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Fic. 3. (a) Average number of secondary electrons as a func- 
tion of depth ¢ in radiation lengths. (b) Relative fluctuation (full 
line) and Poisson fluctuation (open line). These figures have been 
obtained from Wilson’s data for 300 Mev photon showers. 
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Fic. 4. (a) Distribution in Nmax (full line) and distribution in 
n(tmax) (open line). (b) Distribution in depth ¢ at which Nmax 
occurs. These figures have been obtained from Wilson’s data for 
300-Mev photon showers. 


should be pointed out that 7(tmax) isa quantity difficult 
to obtain in an experiment where one deals with showers 
of unknown energies. To obtain m(tmax) one must 
observe the shower at fmax, but fmax itself cannot be 
determined unless the energy is known. In a multiplate 
cloud chamber one therefore usually observes, instead 
of (tmax), the maximum number of secondary electrons 
attained in a shower regardless of the depth at which 
this maximum occurs. Hereafter the maximum so 
specified will be called an absolute maximum, or Nmox. 
Hitherto the absolute maximum has not been explicitly 
distinguished from the cascade maximum," but it 
turns out quite important to do so, for low-energy 
showers particularly. As will be illustrated in the follow- 
ing, the significant fact is that the absolute maximum 
is more desirable as an energy parameter not only 
from the observational but also from the fluctuation 
point of view. 

Consider showers of a given initial energy, to which 
definite values of tmax and 7i(tmax) are associated. In an 
individual shower, the value of (tmsx) will depend 
both on the magnitude and on the position of Vmax of 
that particular shower. In most cases Nmax will occur 
near tmax, and the value of 2(tmax) will be close to that 
of Nmax. But in some cases Nmax may occur quite far 


4 W. E. Hazen, Phys. Rev. 65, 67 (1944) actually used the 
absolute maximum in estimating the shower energy, but he did 
not clearly distinguish this quantity from the cascade maximum. 
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from fmax, and the value of m(tmax) may be significantly 
smaller than that of Nmax. One can therefore regard 
the fluctuation of m(tmax) around 7i(tmax) aS arising 
from two different sources: (a) fluctuation in the values 
of Nmax, and (b) fluctuation in the depth at which 
Nmax occurs. In order to see these two kinds of fluctua- 
tion sources separately, we again consider Wilson’s data 
on 300-Mev photon showers. In each shower the value 
of Nmax and the value of ¢ at which Nmax occurs are 
obtained. The distribution in Nnax and the distribution 
in ¢ are shown respectively in Figs. 4(a) and 4(b). The 
distribution in (tmax) is also shown in Fig. 4(a). One 
clearly sees that the distribution in Nmax is relatively 
narrow, but the distribution in 2(tmax), which is related 
to both (a) and (b), becomes broad on account of the 
broad distribution in /. That this is also the case for 
other photon energies can be seen from Table II. For 
all energies listed in this table, 6 for Nmax is less than 
one half of that for 2(tmax). It is thus evident that at 
these energies the fluctuation associated with the 
absolute maximum is much smaller than that associ- 
ated with the cascade maximum. 

In a multiplate disposition, one cannot always observe 
the true Ninax because it may in some cases be hidden 
in one of the plates. This fact tends to decrease the 
observed value of Ninax and increase the value of 6. 
This point is illustrated in Columns 6 and 7 of Table II, 
which represent Nymex and 6 when the showers are 
observed at 1, 2, 4, 7, 9, and 11 radiation lengths. This 
new division of thickness closely represents the plate 
disposition employed in the present experiment if 
photons travel essentially vertically in the chamber. 
For showers inclined to the vertical, Nimax and 6 will 
be respectively smaller and greater than those given 
here. 

At present Wilson’s shower data are available up to 
500 Mev, and one does not know how Nmax and 6 
will vary for showers of higher energies. At higher 
shower energies, however, both Nmax and m(tmax) are 
likely to occur after many stages of shower generating 
processes, and one would expect that the difference 
between these two quantities becomes unimportant. 
For such a region of energy, one would then assume 
that, in analogy with 7(tmax), Nmax is proportional to 
the energy and the fluctuation is Poissonian. 

From the study of Wilson’s data (applied to the 
present plate disposition) for an energy up to 500 Mev, 

TaBLE IT. Average numbers of secondary electrons at cascade 


maximum and absolute maximum; fluctuations associated with 
these quantities (obtained from Wilson’s shower data). 
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9, and 11 radiation 
lengths 
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Fic. 5. Energy distribution of identified neutral mesons. The 
dots indicate the observed values, and the crosses indicate the 
values corrected for unidentified neutral mesons. 


and from the extrapolation of this result to higher 
energies according to the assumption stated above, 


we are led to take the following criterion in estimating 
photon energies: For an observed value of Nimax(>2), 
the energy of the photon will be estimated by E= K Ninax 
with K=100 Mev. The fluctuation will be approxi- 
mated by 6=0.5 for Nmmex=2, 3, and 4; 6=1/(Nmmax)! 
for Nmax>5. When the data are treated statistically, 
it will be further assumed that for an observed value of 
Nmax any value of E between KNy.sx(1—6) and 
K Nmax(1+6) is equally probable. The quantity Nimnax 
explicitly represents the maximum observable number 
of fast electrons in the forward half-hemisphere. 


IV. RESULTS 


A. Energy Distribution of Identified 
Neutral Mesons 


If two or more photon showers are observed to 
emerge from a star, it is checked whether any pair of 
these photons satisfies the kinematical relation for the 
m—2y decay: 


(2 sin3¢)?= €¢°/E, E>. (2) 


Here E; and E, are the energies of two component 
photons, ¢ is the space angle between the two photons, 
and € is the rest energy of the neutral meson. A pair of 
photon showers satisfying this relation is classified 
as an identified neutral meson. A photon shower which 
is singly observed in a star or observed together with 
other photon showers but without a possible x° com- 
bination is called an isolated photon. Of the total of 
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566 photon showers observed in the present experiment 
(see Table I), we obtained 181 x° combinations and 204 
isolated photons. 

For an identified 2°, its energy ¢ is the sum of the 
energies of two component photons. Since the energy 
of each photon is given by a distribution which is 
uniform between two limits, e will be obtained as a 
distribution of triangular shape if NV max’s of two photons 
are equal and as a distribution of trapezoidal shape if 
Nmax’s are different. The energy distribution comprised 
of 181 identified r®’s is shown in Fig. 5 by the dots. 
There are 13 7°’s falling in the energy range of 2 Bev 
to 5 Bev, but these are not shown in the figure because 
of the limited statistics. 

The data given here are subject to a systematic error 
in that some of the neutral mesons produced from the 
nuclear interactions in the crystal had escaped detection 
because one or both of the two decay photons failed to 
produce visible showers in the chamber. The detection 
efficiency of a decay photon, that is, the efficiency with 
which a decay photon produces a visible shower and is 
detected, depends on the energy and direction of the 
photon. And it can be explicitly estimated using 
Wilson’s shower data when both the energy and the 
direction are known. For photons traveling vertically 
downward, the detection efficiency is estimated in 
the present plate disposition to be about 50% for 
50 Mev, about 90% for 100 Mev, and almost 100 
percent for 200-Mev photons. However, when the in- 
clinations of photons from the vertical are also taken 
into account, the detection efficiency drops to a trifling 
value for energies less than about 100 Mev. At such 
low energies, photon showers tend to get absorbed com- 
pletely in the very plate in which the shower develop- 
ment began, and the detection efficiency decreases very 
rapidly as the photon inclines from the vertical. Further- 
more, decay photons of low energies are emitted with 
large angles from the direction of the parent neutral 
meson, and hence, on the average, with large angles 
from the vertical. We may therefore assume that the 
detection efficiency of decay photons is zero for an 
energy less than 100 Mev, but is 100 percent for an 
energy above this value. Of course, such a sharp transi- 
tion in the detection efficiency is artificial, but it is 
considered a sound procedure in the first approximation. 

For the r"—>2y process, the energy distribution of 
decay photons F(E) is a constant between two limits 
3€(1—8) and }e(1+) as shown in Fig. 6, where ¢ and 
Bc are respectively the energy and the velocity of the 
parent neutral meson. Since the lower limit of this dis- 
tribution is always less than }¢.=70 Mev and the 
observational cutoff takes place at k=100 Mev (ac- 
cording to the assumption stated above), decay photons 
which fall in the shaded area at low-energy end will 
not be observed. Partners of these unobserved photons, 
however, fall in the shaded area at high-energy end 
where the detection efficiency is good, and they will be 
generally observed as isolated photons. But these 
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partner photons also should be regarded as unobserved 
insofar as the identification of neutral mesons is con- 
cerned. Thus the detection efficiency of a neutral 
meson of energy ¢ can be given by the ratio of the 
unshaded area to the total area, or by 


p=[1— (2k/e) }/B. (3) 


For ¢ greater than about 500 Mev, @ is close to 1 and p 
can be approximated by 


p=1—(2k/e). (4) 


Now the correct number of neutral mesons (including 
the unidentified ones) V(¢) can be obtained from the 
observed number N’(e) by 


N(6€)=N’'(e)/p. (5) 


The values of N(e) so obtained are shown in Fig. 5 by 
the crosses. The corrected points seem to lie approxi- 
mately on straight lines. There is an apparent change 
in slope at point J which corresponds to an energy of 
about 1000 Mev. The points are divided into two 
groups; one for an energy less than 1000 Mev and the 
other for an energy above this value. The slopes of the 
best-fit straight lines are found to be 


JA: v=—1.3240.3, 


ee (6) 
JB: v= —2.7+0.7. 


The energy distribution in the range greater than 2000 
Mev cannot be obtained with confidence because of the 
limited statistics, but the data available are consistent 
with the continuation of the above power law up to an 
energy of about 5000 Mev. 


B. Energy Distribution of Isolated Photons 


According to the correction procedure used above, 
decay photons which fall in the shaded area at the 
high-energy end of Fig. 6 should appear in the chamber 
as isolated photons. Since we now know the distribution 
of unidentified neutral mesons, the energy distribution 
of isolated photons resulting from these unidentified 
neutral mesons can be explicitly calculated and can 
be compared with the distribution of isolated photons 
that are actually observed in the chamber. 
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Fic. 6. Energy distribution of decay photons arising 
from a °—2y process. 
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Fic. 7. Energy distribution of isolated photons. The full line 
is the distribution of isolated photons observed in the chamber, 
and the dots indicate the distribution calculated from unidentified 
neutral mesons. 


Let M(e)=N(e)—N’'(e) be the distribution of un- 
identified neutral mesons and J(E) be the distribution 
of the isolated photons which results from M(e). An 
unidentified 7° of energy ¢ contributes to 7(Z) in the 
range of E between e—k and $e(1+ 8) with intensity 
1/A(€)=1/[4e(1+8)— (e—k) ]. For a given value of E, 
I(E) is then obtained from the integration 


2 M (e)de 
1(E)= f (7) 
"1 A(e) 
where ¢, and € are related to E by 
E=}e,(1+), E=e.—k. 


In the energy range where 6:=[1— (¢€o/e:)?}! is close 
to 1, we may use the approximation 


and 


Et+k M (e)de 
I(E)= —M (E+4h). s 
(E) f SoM (E+) (8) 


The values of /(£) calculated from (7) and (8) are 
shown in Fig. 7 by the dots. In the same figure, the 
full line indicates the distribution of the isolated photons 
that are actually observed in the chamber. The two dis- 
tributions seem to be in good agreement both in shape 
and in magnitude. Such a striking agreement is rather 
fortuitous in view of the limited statistics ; nevertheless, 
it indicates that the correction procedure we adopted 
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Fic. 8. Distribution in Nmax of 566 photon showers all of which 
emerge from the nuclear interactions in the NaI crystal. 


is reliable to the degree desired in the present investiga- 
tion. This agreement, in turn, may be taken as support 
for the view that the isolated photons arise also from 
the x°—>2y process. 

The calculated points, however, begin to deviate 
from the observed distribution at an energy of about 
700 Mev. As the energy decreases, the calculated values 
give fewer isolated photons. This indicates that the 
correction we applied for unidentified neutral mesons 
may not be sufficient for low-energy neutral mesons. 


C. Energy Distribution of All Photons 


In identifying a neutral meson, we used the condition 
that a pair of photons emerging from a nuclear interac- 
tion satisfies the kinematical relation (2) for the r°—2y 
process. Such an identification, however, is not con- 
clusive and always leaves the doubt that the combina- 
tion adopted could have been a coincidental one. This 
uncertainty, which may reflect itself in the energy 
distribution, can be eliminated if we take all photons 
together without reference to the individual neutral 
meson combinations. In this treatment, we explicitly 
assume that all the photons we observe arise from the 
a°—2y process, and obtain a relation 


E|dF/dE| =2N(e=E+ 6/4), (9) 


where N(e) and F(E) are the energy distributions of 
neutral mesons and decay photons, respectively. For 
E> ¢, this relation is approximated by 


|dF/dE| =2N(E)/E. (10) 
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The distribution in Vmax of 566 photons, all of which 
emerge from nuclear interactions in the crystal, is 
shown in Fig. 8. This is further converted to the 
energy distribution F(Z), and the results are shown in 
Fig. 9. The points appear to lie on straight lines, with 
an apparent change in the slopes at point J which 
corresponds to an energy of about 850 Mev. The slopes 
of the best-fit straight lines are found to be 


JA: v=—1540.2, 
JB: v=—2.740.5. 


The energy distribution of photons obtained here is 
converted to the distribution of the parent neutral 
mesons, but the values of exponents are essentially the 
same as those given in (11). 

The values given in (11) closely agree with those 
given in (6), which were obtained directly from the 
identified neutral mesons. The position of the junction 
point J differs in these two sets of data by about 200 
Mev, but this discrepancy is not taken seriously in view 
of the crudeness of the energy estimate. The position 
of J is in the vicinity of 900 Mev. For the energy range 
below 900 Mev, (11) gives y=—1.5 while (6) gives 
v=—1.3. It was previously suggested that the correc- 
tion for unidentified neutral mesons is probably too low 
for x°® energy of about 700 Mev or less; therefore the 
value of |v|=1.3 is probably too low. The value of 
v= —1.5, on the other hand, is obtained from the photon 
distribution without such a correction, and is regarded 
as more reliable. 

From these considerations, we conclude that the 
differential energy distribution of neutral mesons ob- 
served in the present experiment follows a power law 
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Fre. 9. Energy distribution of all photons. 
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of exponent v= —1.5-++0.2 for ® energy between 400 
and 900 Mev, and y= —2.7+0.5 for ° energy between 
900 and 2000 Mev. The errors given here are the 
statistical errors associated with the numbers of the 
neutral mesons observed. For the energy range between 
2000 and 5000 Mev, the data are consistent with the 
continuation of the power law given above. The dis- 
tribution for the energy range less than 400 Mev cannot 
be obtained reliably. In this energy range, both of the 
two decay photons often escape detection, and the esti- 
mate of detection efficiency becomes very complicated. 


D. Origin of Photons 


In the foregoing analysis of the data, we assumed that 
photons associated with stars arise from the r°—2y 
decay. This decay, however, is believed to take place 
with a lifetime of only about 10~' sec, and one can 
hardly expect to observe cases in which the presence of 
mw can be inferred geometrically. In fact, nearly all 
photons observed in the present experiment are directed 
toward the star origins and appear as though they were 
produced directly from the stars. In spite of this 
appearance, the present data provide a fairly strong 
argument for the r°—2y process. 

First consider Table I, which classifies the stars 
according to the number of photon showers associated 
with each star. We note that the number of stars with 
two photons is about equal to the number with one 
photon, and that the number of stars with four photons 
is again comparable with the number with three 
photons. This kind of distribution would be rather 
unexpected if photons were produced directly from the 
stars, since for this case one would expect that the 
number of stars gradually decreases as the multiplicity 
(the number of photons produced) increases, in a 
manner similar to that observed in the case of charged 
meson production in cosmic-ray stars. Of course, no 
definite conclusion can be reached from these data 
alone. But Table I would be easily explained if one 
assumes the r°—>2y process as the primary source of 
photons. 

The reality of the °—2y process is further strength- 
ened by the internal consistency of the results already 
presented. It was shown that the isolated photons ob- 
served in the present experiment fit very well with the 
picture that these photons result from the neutral 
mesons which are unidentified as such because one of 
the decay photons has a low energy (less than 100 Mev) 
and escapes detection. It was also shown that the 
energy distribution of neutral mesons deduced from 
the energy distribution of photons, under the assump- 
tion that all photons arise from the x°—>2y process, 
agrees closely with the energy distribution obtained 
directly from the identified neutral mesons. From these 
facts, we conclude that the majority of photons associ- 
ated with cosmic-ray stars result from +°—>2y process. 

Some other possible sources of photons should be 
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mentioned, however. According to Anand,'* neutral 
mesons produced from cosmic-ray stars occasionally 
undergo the decay process r°—e++-e~+-y. This alternate 
decay, however, is reported to be only about 1% 
of the 2°—2y process,!® and it will not affect the 
present results. The process r°—4e, another possible 
alternate decay, is expected to be even less frequent. 
Unstable heavy mesons and hyperons are currently 
observed copiously in cosmic-ray stars, and these 
particles might affect the present results if they decay 
into photons with very short lifetimes. However, again 
the frequency with which these unstable heavy particles 
are produced is rather small in the energy range in- 
vestigated in the present experiment: only two neutral 
and two charged V particles were observed. Also, 
present indications are that the lifetimes of the un- 
stable heavy particles that lead ultimately to 7° or y 
decay products are significantly longer than necessary 
to distinguish them in the present experiment. 


V. COMPARISON WITH OTHER WORK 


Since in the present experiment very little bias is 
introduced in the selection of stars (see Sec. II), we 
can compare the present results directly with those 
obtained by the Bristol group using nuclear emulsions. 
In their initial work, Carlson ef al.‘ investigated the 
energy spectrum of photons that materialized in nuclear 
emulsions exposed at an altitude of 70000 ft. From 
this spectrum they deduced the energy distribution of 
neutral mesons as a power law of exponent y= —1.5 
up to an energy of 900 Mev. Later Hooper ei ai.'* 
extended this work: for higher photon energies by 
studying nuclear emulsions exposed at 95 000 ft, and 
obtained a power law spectrum of exponent y= —1.5 
for 7° energy between 200 and 800 Mev and v= —2.7 
for 800 to 5000 Mev. 

In these nuclear emulsion experiments, it was 
essential to assume that all photons observed in the 
nuclear emulsions were the decay products of the 
m—2y process and that these photons had not been 
modified by electromagnetic interactions during their 
passage through the atmosphere. Both of these as- 
sumptions appear to be very reasonable, but there is no 
way of assuring them directly. In the present cloud- 
chamber experiment, however, these points are verified 
directly, and the energy distribution is obtained directly 
from the neutral mesons identified as such from a pair 
of photons as well as indirectly from the energy dis- 
tribution of individual photons. In this respect, the 
present results may be regarded as considerably more 
direct than that of the Bristol group. 

It is of interest to compare the energy distribution 
of the neutral mesons with that of the charged + mesons. 
Camerini ef al.!” investigated the energy spectrum of 


16 B. M. Anand, Proc. Roy. Soc. (London) A220, 183 (1953). 

16 Hooper, King, and Morrish (unpublished, 1951); Professor 
G. T. Reynolds (private communication from Dr. D. T. King). 

17 Camerini, Fowler, Lock, and Muirhead, Phil. Mag. 41, 413 
(1950). 
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TaBLE III. Differential energy distribution 
of cosmic-ray # mesons. 








Energy range in Mev 


Target 
and the value of » 


Authors material Method 





250-1400 
15 


>1400 
Consistent 
with —2.5 


1000-5000 
—2.5 


Nuclear emulsion 
exposed at 70 000 
to 110 000 ft 


Deduced from 
w-meson spectra at 
various altitudes 


Deduced from 
w-meson spectra at 
various altitudes 


—— Emulsion 
250-1000 


Sands> ~1.5 


450-1000 1000-5000 
Olberte Air 1.5 —25 


300-900 
—1.5 


Nuclear emulsion 
exposed at 
70 000 ft 


Air and 
emulsion 


Carlson 
et al.4 


200-800 
—1.5 


Nuclear emulsion 
exposed at 
95 000 ft 


Air and 


Hooper 
emulsion 


et als 


400-900 
—1.5 


Multiplate cloud 
chamber at 
10 600 ft 


Kim! Nal 








4 See reference 4. 
© See reference 16. 
{ Present experiment. 


* See reference 17. 
> See reference 18. 
¢ See reference 19. 


charged pions emitted from stars originated in nuclear 
emulsions exposed at 70 000 to 100 000 ft, and obtained 
a power law spectrum of exponent y= —1.5 for pion 
energy (total) between 250 and 1400 Mev. For higher 
energies, they indirectly estimated that vy is consistent 
with a value of — 2.5. The energy spectrum of charged 


pions produced in the atmosphere can be deduced 
from the u-meson energy spectrum since the u-mesons 
in the atmosphere arise predominantly from the my 
decay process. Prior to the work of Camerini ef al. 


B. KIM 


Sands'* obtained the energy spectrum of charged pions 
by this method, and gave the values of y= —1.5 for 
pion energy between 250 and 1000 Mev and v= —2.5 
for 1000 to 5000 Mev. Olbert” later improved the 
u-meson energy spectrum originally used by Sands, 
but when it is converted to the pion energy spectrum 
the difference becomes insignificant. 

The results of various workers presented above are 
summarized in Table III. From a comparison of these 
results, one may conclude that the energy distributions 
of the mesons created in cosmic-ray nuclear interac- 
tions are similar for charged and neutral mesons and 
can be expressed as a power law of exponent of —1.5 
for an energy up to about 1000 Mev, but the value of 
the exponent decreases to about —2.6 in the energy 
range between 1000 and 5000 Mev. It also appears that 
the energy distribution is rather insensitive either to 
the altitude or to the nature of the target nuclei in 
which the r mesons are produced.” These results, how- 
ever, refer to nucleon-nucleus.or pion-nucleus collisions 
and may not necessarily apply for more fundamental 
single nucleon-nucleon or pion-nucleon collisions. 
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Nucleon-nucleon scattering data from 0 to 274 Mev are dis- 
cussed by means of a boundary-condition approximation. For 
internucleon distances greater than the core radius, which may 
depend on the state under discussion, the nucleon-nucleon inter- 
action is assumed to vanish, while at the core radius the loga- 
rithmic derivative of the wave function or the reaction matrix 
satisfies a boundary condition. Assuming charge independence, 
it has been found possible to fit most of the experimental data 
with all but one boundary condition energy-independent. The 
core radius for the !So state is assumed to decrease with increasing 
energy. We find that p—p scattering is composed mostly of 
scattering in the 1S» and *Po states, both of which give isotropic 


distributions. The scattering from the *Po state is close to the 
scattering by a repulsive sphere of radius 1.32X10- cm. The 
scattering in the isotopic singlet state below 100 Mev, assuming 
that the n—/ angular distribution is symmetric about 90°, is 
entirely determined by the low-energy fit to triplet (85:+D,) 
n—p scattering. Above 100 Mev the (3S5,+D,) states make the 
major contribution to the isotopic singlet scattering. The pre- 
dicted cross sections fail significantly in only one detail: they are 
not sufficiently large for n— scattering near 180°. Regardless of 
the validity of this particular fit, the boundary-condition approxi- 
mation is found to provide a comparatively simple method for the 
broad correlation and understanding of the experimental results. 





I. INTRODUCTION 


OST of the various phenomenological models 
which have been suggested for the correlation 
of nucleon-nucleon scattering data assume a local po- 
tential V(r,0,e) between the nucleons.! Here r is the 
internucleon radius vector, @ represents the spin opera- 
tors for each nucleon and ¢ the isotopic spin. These 
models have become more and more complex as more 
data have become available, but nevertheless have 
failed to match the experiments in one or more crucial 
aspects. The most successful of these models, the one 
proposed by Jastrow,? does remarkably well in fitting 
angular distributions as well as total cross sections, but 
fails to yield appropriate polarizations as well as suffi- 
cient isotropy for p— p scattering.® 
On the other hand, developments in the meson theory 
of nuclear forces‘ suggest that such a simplified descrip- 
tion of nuclear forces is only possible if the two nu- 
cleons are far apart. When r is less than the meson 
Compton wavelength, higher order effects, in which 
many mesons are interchanged, become important, and 
a nonlocal potential is required to describe the nucleon- 
nucleon interaction. This region is, of course, very 
important in high-energy nucleon-nucleon scattering. 
In the present paper, we shall go to the extreme of 
using a completely nonlocal interaction. Specifically, 


* Supported in part by the joint program of the U. S. Atomic 
Energy Commission and the Office of Naval Research. 

t Presented in part at the Washington meeting of the American 
Physical Society, 1953; Phys. Rev. SL, 454(A) (1953). 

1 See for example R. S. Christian and E. W. Hart, Phys. Rev. 
77, 443 (1950); and R. S. Christian and H. P. Noyes, Phys. Rev. 
79, 85 (1950). 

2R. Jastrow, Phys. Rev. 79, 389 (1950); 81, 165 (1951). 

3 L. J. B. Goldfard and D. Feldman, Phys. Rev. 88, 1099 (1952); 
D. Swanson, Phys. Rev. 89, 740 (1953); 89, 749 (1953). 

4M. M. Levy, Phys. Rev. 88, 725 (1952); A. Klein, Phys. Rev. 


90, 1101 (1953); 92, 1017 (1953); S. Drell and K. Huang, Phys. 


Rev. 91, 1527 (1953). 


the interaction in each state is to be represented by a 
boundary condition on the logarithmic derivative of 
the wave function at a core of radius 7, which may 
depend on the state in question. In other words, we 
shall determine the reaction matrix for the system. 
For r greater than ro, the interaction energy will be 
taken to vanish. Such a description was employed by 
Breit and Bouricius® for the discussion of low-energy 
singlet S scattering. Here we shall generalize so as to 
include triplet scattering with tensor mixing as well as 
states of angular momentum higher than zero. The 
boundary conditions are clearly equivalent to the phase 
shifts and are, therefore, just another representation of 
the data. However, as we shall find, the boundary 
conditions we obtain are mainly independent of the 
energy. This result has definite implications for the 
physical nature of the nucleon-nucleon interaction, 
implications which we shall now discuss. Of course, it 
should be borne in mind that a boundary-condition 
model is at best a rough approximation to the actual 
interaction. 

One of the implications of the meson theory of nu- 
clear forces is its indication of a region in which many 
virtual mesons are present, or equivalently in which 
the interaction energy is large. Here the behavior of the 
nucleons will be relatively insensitive to the value of 
their kinetic energy at infinity. Of course, this region 
has no sharp boundary. Rather one can only say that 
such an energy-independent description will hold 
accurately for sufficiently small interparticle distances. 
One would expect that, as the kinetic energy at in- 
finity increases, the region in which an energy-inde- 
pendent description remains possible will shrink. For 
large internucleon distances the interaction energy 
according to meson theory should be described by a 


* 5G. Breit and W. G. Bouricius, Phys. Rev. 75, 1029 (1949). 
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local potential insofar as the “low-energy” theorems 
are valid. 

This suggests the following phenomenological model. 
We crudely represent the energy-independent core by 
means of a set of energy-independent boundary condi- 
tions at a core distance ro, which may be state de- 
pendent. For r>ro we would then assume phenomeno- 
logical local potentials. Levy’s and Jastrow’s models 
fall into this general class, for they took a repulsive 
core corresponding to the wave function going to zero 
at the boundary of the core. As the kinetic energy in- 
creases, we would expect ro to shrink with energy (or 
equivalently the boundary conditions would change). 
These changes should be quite small for energies 
considerably less than the average interaction energy 
in the core, i.e., for several hundred Mev. 

We now compare this description with the one actu- 
ally used in this paper, in which the local potentials 
external to the core are dropped. We shall refer to the 
latter as the boundary-condition approximation.® One 
would expect that this approximation will be more 
energy dependent than those describing the more re- 
fined model. In particular, at low energies the core 
radius should, in order to include the effect of external 
potentials, be of the order of the meson Compton wave- 
length and thus considerably larger than the actual 
core radius. As the energy increases, the core radius 
should shrink until at sufficiently high energies, where 
the external potentials are not important, it should 
approach the correct core radius.’ 

We conclude the introduction by indicating this 
paper’s scope and limitations and by summarizing its 
contents. We shall attempt to fit all nucleon-nucleon 
scattering data in the energy range from 0 to 274 Mev. 
This fit should not be expected to be precise, since 
small deviations might very well be accounted for by 
corresponding fluctuations in the boundary conditions. 
Our main objective will be to obtain a broad correlation 
and understanding of the data. It is just for this 
purpose that the boundary-condition approximation is 
most useful, and this should be regarded as one of our 
principal results independent of the validity of the 
particular fit of the data we obtain. Calculations with 
this approximation are very much simpler than those 
required by a potential model but still, as we have seen, 
rather direct physical interpretation of the results may 
be obtained. 

The contents of the paper are as follows. In Sec. IT 
the formal analysis of the problem is presented. We 
include here the explicit formulas (1) for the phase 

6 Another insight into the boundary-condition approximation 
may be obtained if one notes its equivalence to an infinitely re- 
pulsive well for r<ro and a singular potential at r=ro. In effect, 
then, this approximation compresses the external potential such 
as that given by Levy or 'Jastrow into the singular potential. 

7 It should be noted that the scattering resulting from the usual 
monotonic potentials can be represented by an energy-dependent 
boundary condition. Such energy dependence would usually be 


more rapid than that described here and would even require, at 
some energies, negative core radii. 
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shifts including low-energy effective range approxima- 
tion; (2) for binding energy of the bound states; (3) 
differential and total cross sections; and (4) for polari- 
zation. In Sec. III, the low-energy data (p— p scatter- 
ing, n—p scattering and properties of the deuteron) 
are discussed. In Sec. IV we turn to the high-energy 
data. Section V contains the conclusion and, in par- 
ticular, a list of the boundary parameters required to 
fit the data. 
II. FORMAL ANALYSIS 

The fundamental assumption of our model is ex- 

pressed in terms of a boundary condition 


1o(dW/dr)r=ro= FW (ro), (1) 


where ¥ is a state or appropriate group of states of the 
same total angular momentum, fo is the core radius 
assigned to W. For the singlet states 


v=, (2) 


where / is the orbital angular momentum in units of 
h. The corresponding core radius is ro,, and the boundary 
parameter F is f;. A similar simple structure prevails 
for the triplet states in which J, the total angular 
momentum, equals J. The wave function is yyy, the 
core radius royy, the boundary parameter F is f;7. The 
other triplet states in which /=J-+1 can couple so that 
YW is a unicolumnar matrix 


v=[¥,,J= M | (3) 


Wy, 741 


The corresponding core radius is written roy. F is an 
Hermitian matrix which we may take to be real since 
the complex parts of the elements of F may be absorbed 
into the wave function. F is given by 


r-[”* gs fy } 


fx far 


For example, F; will couple the *S; and the *D, states. 
The general form (4) breaks down for the /=0 triplet 
state, where only one state, the *Po, can enter. The 
core radius is 99 and the boundary parameter, fo1. 

In the discussion below we shall usually drop the 
subscripts in ro designating the state since the latter 
will usually be stated explicitly. 


(4) 


Singlet Phase Shifts 


For r>ro; the wave function y; for the singlet state 
for the neutron-proton system is 


vix=A Lh (x) +e 'h,™ (x), (S) 


where A; is simply an amplitude, k is the relative wave 
number, /;?(x) and h;°)(x) are spherical Hankel 
functions of the first and second kind: 


hy? (x) > (1/x)e**-¥"™ as 
hy (x) a (1/x)e~ (2-4) 


= a, 


(6) 


as x4—> @®, 
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The quantity 7; is the phase shift. Substituting form (5) 
into (1) leads immediately to an expression for the 
phase shift 

fit+tana; 


tann;= — tans, 


fit+tanp, 


(7) 


where in terms of j; and m, the spherical Bessel and 

Neumann functions, 

tanay= — %0(dji/dx)/ ju; 
tanB;= — xo(dn,/dx)/ny. 


tand,= — (j./mi); 
(8) 


These functions are evaluated at xo= kro.® 

At low energies, particularly, it is useful to obtain 
explicit energy expansions of Eq. (7), which can be 
interpreted in terms of effective range and scattering 





g?tt 


(fitl+1) 
fi-l 





cotnr~— 
(1-3-5++-214+1)(1-1-3---2/—1) 


length. We find for /=0 that 
fot1 1 fotl 
+--+ 


Xo cotno™— = oe ne i’ 
fo fo 3fe 
1 foti1 (fot+1)?/2 fot 
tek 
Sho Sie 3f8 NS 3he 
~—1o/do+4 (0/70) x0? — Po(p0/r0)*xo'. 


Hence, the scattering length a and effective range po 
are given by 
(10) 


(9) 


do=fofo/ (fot), 
ee 
po= 2% ay corecmga st 
3fe fo 


Similar expansions may be obtained for other / values: 


(11) 


al+1 1 1 





| 1+ _— _ )} (12) 
(21—1)(214+3)  (fr+-I+1)(21—1)  (fi—D) (21+3) 


We turn now to singlet — scattering. The main 
change from the n—> analysis is that in (7) one must 
replace the spherical Hankel functions by the corre- 
sponding Coulomb wave functions. We shall not detail 
the results here as they will not be essential for much 
of our analysis. However, at low energies the analog 
of expansion (9) is required. This may be obtained 
from the work of Breit and Bouricius.? Making the 
appropriate expansions we find 


(Ce'/n) cotme—2 Inn go/n=fO+ 0 /aP-+f/at 
Here 


(13) 


n=e/hv, n?=40.01E, 
Ce= 2an/(e**— 1), qo/2n= 2y—- 1+Rey(in), 
where y is the Euler-Mascheroni constant, y is the 
logarithmic derivative of the gamma function, E is the 


energy in Mev in the laboratory system. The expres- 
sions for f‘® are 


f=—2 In(2ro/a)+ (a/y), 

f{®=[(B/y)— (@8/7’) (70/2) }(r0/a), 

f%=[(/y)— 68/7") ](r0/a)*, 
a=2—4(ro/a)—(fot1)(a/r0), B=4F(fo—1), 
y=fo—2(ro/a), «= $—fo/24, 
5= (fo/6)+$+ (4/9) (r0/a). 

8 Lowan, Morse, Feshbach and Lax, AMP Report 6.21R, Sec- 

tion 6.1-Sr 1046-2032 (unpublished). 


9G. Breit and M. H. Hull, Jr., Am. J. Phys. 21, 184 (1953); 
G. Breit, Revs. Modern Phys. 23, 238 (1951). 


(14) 


(15) 





The quantity a is (h?/ye?), where u is the reduced mass 
of the proton-proton system; a equals 5.76X10-" cm. 
The evaluation of f‘* is correct to order (r0/a)*. 


Triplet Phase Shifts 


The states for which /=J are not coupled with the 
other triplet states. Hence, the phase shifts for these 
states are determined by the equations given above if 
we replace n; by nz, and f; by fz,. For the other states 
of a given J, /=J+1, the determining boundary con- 


ditions are 
Ws,s—-1 hs.a-4 4a Ws, J-1 
ee. tomd end 
Ws, 41 fr fast Wo 
The wave functions and their derivatives are evaluated 
at r=71o. 

We shall only need to determine the “eigenscattering”’ 
mixtures and the corresponding eigenphases.” Let the 
eigenvector solutions of Eq. (16) be denoted by &,“, 
where a has two possible values, and the corresponding 
phase shifts are ny‘*. Let 


( 
ane ‘ee 9 
a)j— 
p= ; 
vy, 44 


¢s,s-1 =A ys (jz_a— tangy“ nya), 


Then 


(17) 


¢s, 141 = By (jr4i1— tangs ©ns41), 


1 J. Schwinger (unpublished). J. Blatt and L. C. Biedenharn, 
Phys. Rev. 86, 399 (1952). 





894 H. 


where m; is the spherical Neumann function. Sub- 
* stitution of (17) in (16) leads to a pair of linear homo- 
geneous equations for A,“ and B,‘. The deter- 
minant of the coefficients which must vanish leads to 
a quadratic equation determining tan,“ : 


XoL jas’ — (tangy) ny_1’ J=Ljyi— (tangy )ny_1] 
(fs)? 
jazi — (tangy @)ny41' 


| 
xo— 7 —JJ, F411) 
( jayi— (tangs )ny4, 


(18) 





x eee 





For greater convenience in discussing our results, we 
introduce the auxiliary quantity F,‘*’, which might be 
described as the effective diagonal coupling for the 
l= J—1 state, i.e., 

Fy\™+tanay_1 


peereesoomensattinnemenei, (19) 
Fy+tanBy_; 


tann,y‘* = —tand,_; 


in complete analogy to Eq. (7). From Eq. (18) Fy is 
the solution of the following quadratic equation 


a(F,@)*+bF s)+c=0, 
a=tanéy_;+tanny, 741, 
=—fy, -1(tandy_1+tanny, 741) 
+tanay_; tandy_;+tan6y_; tanny, 741 
tané,_,—tandé;,, 
+ (fs), 
fa, seittanBy41 
c= —fy,sx[tanay_, tand;_;+tangy_, tanny, 741] 
tanay_; tandy_;— tanBy_, tanéy4 
+ (fs) * 
fa, sort tanBy41 
fa s4rttanayy: 


tangy, y41== — tandyyr 23 : 
fa, ser ttanBy41 





where 


(21) 
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As may be readily verified, one of the two solutions of 
(20) approaches fy, y-1, as fy‘ goes to zero. By suit- 
able redefinitions an equation can similarly be found 
for which the solution approaches fy, 741, as fy“ goes 
to zero. The mixing parameter ¢,‘* is defined by 


taney‘) = By /A 7, 


If the two possible values of ¢y‘* are ey“ and €7®, 
then” it follows that 


(22) 


taney taney = —1. (23) 


The equation determining ¢,‘@ is 


taney =[ (Fy — fy, g1)/fa© ](ma-1/ns41) 


X([(tanéy_1— tangy) /(tandjz41—tanny) ]. (24) 


By expanding the various factors appearing in (19) 
and (20), it is possible to obtain an energy expansion of 
cotny. We give here only the energy expansion for 
the J=1 state, where the principal component at low 
energy is the *S,. The expansion of x» cotm: is of the 
form 


&o COtm “*’—>— (ro/a1) +3 (p1/10)x0°— P: (p0/r0)*xo', 
where a; is the scattering length and p; is the triplet 
effective range. We find 
1o/a\= i+ (1/), 
pi/2ro= (1/3){1— (1/9) 
+ (1/p*)[1— (f1)?/ (f2+3)?}}, 
P3(p1/10)®= — (1/15){ (1/3) — (1/p) + (1/p?) 
XL2—(5/3)L(f)?/ fret 3)*] 
XL fiet4JJ+ (1/p*)C— (5/3) 
+5(fa)?/(fi2t+3)?— (5/3) 
x (fi)*/ (fret 3)*}, 
p=fio— (fi)?/ (fiet3). 


It will also prove useful to have the low-energy ex- 
pansions of F;‘*). From Eq. (17) we obtain 


(fs)? 


(25) 





Fy = fy si— 


We introduce the quantity g,‘*’ by the equation, 
cotny'* — —cotés_igs. (27) 
ro-0 
For J=1, g:°@ equals (ro/a;), as can be seen from (25). 
In terms of these quantities, we obtain 
Fy@x[ fa, sa (fa Y/ (fy, sar t+ I+2)) 
— xP (fs)?/[(2I+1) (fy, sr + I+2)"] 
(fx)? 
—Xxo4 
(23+1)°(2I—-D Ufa, ss +I +27 





| 1-404 


J—1 
fasatI+23 


fa. syrttanBs41(1+tands41' cotny)/(1+tands41 cotny@) 





We note that to obtain the three quantities fy, y-1, fy, 441 
and (f;“) making up the F; matrix, the experimental 
data must be sufficiently well known up to energies at 
which the xo term in (28) becomes important. It can 
be seen that for large values of J, or sufficiently small 
values of fy, or fz, 741>0, the coefficient of xo can 
be quite small so that for a good part of the energy 
range F,‘*) will depend only on low-energy parameters 
as determined by the first two terms of Eq. (28). 


Bound States 


Bound singlet systems are described by the wave 
function 


Yi=Aphy™ (iBr) > A jemi) 4%¢-8/By ag r—> 0, (29) 
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Boundary condition (1) now yields an equation deter- 
mining 8 and therefore the binding energy : 


Si=*Brohi™” (iBr0)/hi™ (i810). (30) 


A similar equation holds for uncoupled triplet states, 
such as J=J and /=1, /=0. One need only replace f; 
by the appropriate f,;. The function on the right-hand 
side is a monotonic function of fro, decreasing as B 
increases. Its maximum value is — (/+1). Therefore, 
if f: is larger than —(/+1), there will be no bound 
states. 

The equation determining the binding energy for a 
triplet state where coupling through f;“” is involved 
may be obtained from Eq. (18) by substituting 7Sro 
for xo and kh) (iro) for j,— (tann)m;. Then 


hy_1' (iBro) 
fs, s-1= 1810 ap 


hy. 1(i8r.) 


(fa? 


fa, J+i— iPr oh s+ 1' (i870), hagas (ir) 
We observe that, if fy, 74:>—(J+2), then a bound 
state exists only if 


fap S—ItL (fa ?/(IA+2+-fzs, 41) J. 
. The mixing parameter taney‘? is obtained from 


taney'® = fyhy_ (iBro)/ 
[iBrohs+1' (iBro) — fs, 41h741(tBro) ]. 


(32) 


(33) 


Cross Sections 


The differential and total neutron-proton cross sec- 
tions for the singlet case are 


Onp = (1/16?) | © 1(2/+1) (e2'— 1) Pi(cosd) |’, 
Onp = (x/R)X1(21+1) sin’ne. 


We have already included the factor of (1/4) corre- 
sponding to the probability of finding the system in a 
singlet state. In the other formulas of this section below, 
similar factors will be included. The triplet neutron- 
proton cross section has been expressed directly in 
terms of the eigenphases of the S matrix by Blatt and 
Biedenharn"': 


Onp) = (1/4k*)> BrP 1(cosv), 
Bre= XD (J@|J')Y¥(JaJ’B; AL), 


J,J',a,B 


(34) 


(35) 


(J‘@| J) =sinny sinny- cos(ns® —ny-). 


Y (JaJ’B AL) =|E ZVI’ AL) (Vay) (ay D2. 
een” 


Here Z are coefficients introduced by Biedenharn, 
Blatt, and Rose" and tabulated by Biedenharn.” The 


bi. Biedenharn, Blatt, and Rose, Revs. Modern Phys. 24, 249 
(1952). 

21. C. Biedenharn, Oak Ridge National Laboratory Report 
ORNL-1501, May, 1953 (unpublished). 
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coefficients (/| ay‘*) are transformation coefficients from 
the eigenvectors of the scattering matrix to the / 
(orbital-angular momentum) representation. The super- 
script a (or 8) takes on three values 1, 2, 3, two of these, 
1 and 3, corresponding to the two possible solutions of 
Eq. (20) for the /=J+1 states, the third for the /=J 
state: 
cosey™ © siney™ 
(ay |l)= 0 1 0 |, 
|—siney™ 0 cosey™ 


(36) 


where the rows of the matrix are denoted by the value 
of a and the columns by the possible values of / in 
ascending numerical value. The total triplet cross 
section is 


Onp'? = (9/R)Y ys, «(2 +1) sin’ny™. 


For proton-proton scattering the wave function 
must be antisymmetric, with the consequence that all 
even-/ states must be singlets, all odd-/ states triplets. 
Moreover, the amplitudes of each of these must be 
doubled. Hence, the right-hand side of Eq. (34) must 
be multiplied by a factor of 4 and all odd-/ terms dropped 
in order to describe singlet proton-proton scattering. 
For triplet scattering, the right-hand side of Eq. (35) 
must be multiplied by 4 and all even-/ terms omitted 
in the sum. 


(37) 


Polarization 


Experimentally a double scattering is performed, the 
first angle of scattering being 3 and the second angle 
0’. In the second scattering for a given #’ the azimuthal 
variation of the scattered intensity is measured and the 
following quantity determined 


€(8,0’)=[N(0)—N (x) /[NO)+N (x) ], 


where 0 and = are the value of the azimuthal angle ¢. 
It may be shown that e(#,3’) is the product of the 
polarizations produced on each scattering, i.e., 


€(3,9’) = p(8) p(d’). 


The polarization p(#) in turn equals the absolute value 
of the expectation value of the spin in the final state.” 
It has been evaluated in a very general form by Simon 
and Welton." We shall not give their general result 
but shall immediately specialize to nucleon-nucleon 
scattering. To obtain our result from theirs, we require 
only the matrix elements of the S matrix between two 
different orbital angular momenta: 


(1]1—S|l/)=—2i S sinny exp (ins) 
X (las) (az | 1’). (38) 


We then obtain 


Pup=V3/[ 2k np(8)] EO Pr (—)4 (2I+1) (2*+1) 
XLI@ | J*® M (J,a,J*, 8; L)N(J,a,J*,8; L), (39) 


3 L. Wolfenstein, Phys. Rev. 75, 1664 (1949). 


4 A. Simon and T. Welton, Phys. Rev. 90, 1036 (1953). 
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where 
[7] J*O}= sings singe sin(gs—n,+), 
M (J ,a,J*,8; L) 
=> i'e-4E (2)+-1) (2le+1) ] (1,100 | Lil2L0) 
XW (LJlJ*; 1L) (le|az*™) (az |), (40) 
and 


N(J,a,J*8; L) 
=> i (h'+ 2 (21)! +1) (2)2’ +1) 8 (1y'12'00] hy’ Ie’ LO) 
XX (Jh’1; J*le'1; LL1) (az | 12) (ly |ay). 


(41) 


Here J and J* are possible J values of the system, /; 


possible incident orbital angular momenta, /,’ possible 


orbital angular momenta of the emergent beam. The 
factors (1,/:00| 11.20) are Clebsch-Gordan coefficients, 
W is the Racah coefficient’® and X is the Wigner 97 
symbol,!® where we have employed the definition of 
Fano and Racah, as given in Appendix B of Simon and 
Welton’s paper.“ In Eq. (39) the sums are take over 
all possible values of L, a, 8, J, (J+L) >J*>|(J—L)|. 
In Eqs. (40) and (41) the sums are taken over all values 
of 1; and J, consistent with the values of J, J*, and L. 
The cross section o,,(#)is the singlet plus the triplet 
cross section. Finally, P,“ is the normalized associated 
Legendre function. For p—p scattering, Eq. (39) 
applies if on the right-hand side a factor of 4 is inserted 
in the numerator, on, is replaced by op, in the de- 
nominator and finally if in M and N only odd /; and 
1,’ are included in their defining sums. 


Ill. LOW-ENERGY DATA 
Proton-Proton Scattering 


The low-energy data have been analyzed and fitted 
to a boundary condition by Breit and Bouricius.’ The 
parameters f‘" in Eq. (14) are related to their » by 


y(n) = (40.0) "fF, 


Using the experimental values of » =7.805+-0.02, 
v® =0.925+0.03, Eq. (15) may be solved for ro and 
the boundary parameter fo. We expect fo to be some- 
what greater than (—1) since this value corresponds 
to zero binding for two protons. We find 


fo=0.082—1, 
ro= 1.32 10-" cm. 


%*G. Racah, Phys. Rev. 62, 442 (1942); Biedenharn, Blatt, 
and Rose, Revs. Modern Phys. 24, 249 (1952). The Racah co- 
efficients have been tabulated by L. C. Biedenharn in an Oak 
Ridge National Laboratory Report ORNL-1098 (unpublished). 

16 E. P. Wigner, “On the Matrices which Reduce the Kronecker 
Products of Representations of Simply Reducible Groups,” 
(unpublished); J. Schwinger, U. S. Atomic Energy Commission 
Report NYO-3071, Nuclear Development Associates, Inc., White 
Plains, New York, 1952 (unpublished); H. A. Jahn and J. Hope, 
Phys. Rev. 93, 318 (1954); U. Fano and G. Racah (unpublished); 
U. Fano, National Bureau of Standards Report 1214 (unpub- 
lished), p. 48. The X function is tabulated for a limited range of 
parameters by Sharp, Kennedy, Sears, and Hoyle, Atomic Energy 
of Canada, Limited, Report No. 97 (unpublished). 


(42) 
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These parameters give y©=7.79 and v“)=0.928 and 
predicts v® =0.0074, which is to be compared with the 
experimental value v®=-+0.01. Our results are sub- 
stantially the same as those of Breit and Bouricius. 
The cut-off distance ro is nearly equal to the meson 
Compton wavelength and is therefore of the expected 
order of magnitude. 


Singlet Neutron-Proton Scattering 
The data here are!” 
ao= (— 23.740.1) X10-" cm, 
po= (2.70.5) X 10- cm, 
Po= —0.04. 


Since the value of po is not very well known, we shall 
content ourselves with assuming the same cut-off radius 
as in Eq. (42) determining fo, predicting po and Po. We 
find fo=0.053—1, po=2.79X10-" cm, Po=—0.039. 
These are in accord, so that it is consistent with the 
data to use the same core radius for both p—p and 
n—p'S interactions. The small difference between the 
fo for singlet n— p scattering and that for p— p scatter- 
ing reveals a deviation from charge independence, 
which, of course, is well known from potential model 
studies. We shall assume, as Schwinger'* has demon- 
strated for some potentials, that this deviation arises 
from the differences in the magnetic interaction be- 
tween the two systems. We shall make no attempt to 
compute this effect here since it is quite sensitive to the 
behavior of the wave functions at small values of r 
and therefore in the present model on the electromag- 
netic properties of the core. Fortunately the difference 
in fo is of no consequence for the analysis of high- 
energy data, for which we shall use fo>=0.053—1. 


Triplet Neutron-Proton Scattering 


The fundamental data!’ are the scattering length 
(5.39+0.03)X10-" cm, and the effective range pi 
= (1.703+0.03) X 10-8 cm. From Eq. (26) the combina- 
tions p and (f:“/fi2+3)* can be determined for 1 
= 1.32 10-" cm. We obtain 


Cfi/(fi2+3) P=0.640. 


These two relations do not suffice to determine the 
three parameters describing F;. Some idea as to the 
effect of three different choices of fi: can be seen from 
Table I, where W is the coefficient of the x* term in 
Eq. (28) for the effective F. Note that this is the only 
term in (28) sensitive to the value of fi2. We see that, 
except for fi: nearly equal to —3, which is not admis- 
sible since it gives rise to a low-lying D resonance, F 
is quite insensitive to the precise value of fi: up to 
comparatively high-energy values. For example, at 
x*=2, corresponding to nearly 100 Mev, the a* term 


p=—1.325, 


17 E. E. Salpeter, Phys. Rev. 82, 60 (1951). 
18 J. Schwinger, Phys. Rev. 78, 135 (1950). 
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contributes only about 10% to F. This leads to the 
important result, for which we shall later present 
further evidence, that *S,+*D, contribution to the 
triplet neutron-proton scattering up to about 100 Mev 
can be deduced from the low-energy data. 


The Deuteron 


The binding energy of the deuteron must be given 
correctly by the above choices since it is not essentially 
independent of the low-energy triplet scattering data. 
We cannot give a precise value for the deuteron’s 
electromagnetic properties since we do not know the 
electromagnetic properties of the core region r<fo. 
However, it is important that the contribution made 
by the region outside the core be of the proper order of 
magnitude so that the core itself not be required to 
make an unreasonably large contribution. We shall 
be concerned with the quadrupole moment Q and the 
fraction of D state, pp. Denoting by a prime the values 
obtained for these quantities dropping contributions 
both to it and the normalization integrals inside the 
core, we obtain 


po’ =2d tan’e,")/[ 1+) tan*e, ], 
A=$+3(Ro/r0) +6(Ro/r0)?+3(Ro/ro)’, 
Q’= (2/10) Re? tane,“){4[5+4(ro/Ro) 
a (ro/Ro)? |— (tane,“/8!)[9(Ro/ro) +9 
+ (27/4) ((r0/Ro)+ (r0/Ro)?) ] 
X[F+A tanta}, 
—fi{ 1+ (ro/Ro)+ (3+ fiz) 
X[1+3(Ro/1r0)+3(Ro/ro)? }}. 


Here R> is the deuteron “‘radius,” 4.3210-" cm. We 
note that, in order that Q have the right sign, tane,“ 
must be positive. In the expression for tane,“, the 
coefficient of the (3+/12) term is large compared with 
(1+170/Ro) so that except for fi2 close to (—3) we may 
drop (1+70/Ro). Then tane,;“’ and therefore Q’ and 
pp’ are determined by the low-energy scattering data, 
and we may compute the resultant pp’ and Q’ for the 
region outside of ro. We find pp’=0.11 and Q’=2.5 
X10-*’ cm?, which are to be compared with the experi- 
mental values pp=0.04+0.02 and Q= (2.738+0.016) 
X10-*? cm?. Since pp is more sensitive than Q to the 
contributions for r<ro, these results are entirely 
reasonable. 


(43) 


tane,) = 


IV. HIGH-ENERGY DATA 


The qualitative properties of the high-energy data 
to which we shall pay particular attention are as 
follows: For p— scattering the main features include, 
first, the near isotropy of the nuclear scattering for 
nearly all energies. This isotropy is not perfect as has 
been demonstrated by experiments at Harvard” and 
California.” Secondly the cross section at 90° is rela- 


1” Kruse, Teem, and Ramsey, Phys. Rev. 94, 1795 (1954). 
*” D. Fischer and G. Goldhaber, Phys. Rev. 95, 1350 (1954). 


TABLE I. Effect of fia ie low-energy acottering. 





fie fio fo pl P Ww 





—0.034 
—0.027 
0.054 


0.068 
0.098 
0.410 


1.725 
—1.38 
—2.80 


1.725 
—0.696 
—1.187 


—3,.80 
—1.285 
—0.160 


1.72 X10-8 cm 
1,72 X10-% 
1,72 X10-8 








tively independent of the proton energy for energies 
exceeding 100 Mev. A third feature is the measurement 
of p—p polarization which, considering only energies 
less than 275 Mev, the maximum energy treated in 
this paper, has been measured at 135 Mev™ and 240 
Mev.” The polarization has been found to be approxi- 
mately the same at these two energies, and the indica- 
tions are that the sign is positive.* The present data 
indicate an angular distribution more complex than 
sin2¢ and therefore indicates that states with / higher 
than one are involved. In our discussion we shall 
neglect Coulomb effects which in principle would help 
determine phase shift signs and which for the lower 
energies would affect the determination of the anisot- 
ropy of the p—> scattering. We hope to consider these 
effects in more detail in a later paper. Another omission 
will be the angular distribution of the polarization ex- 
periments. Only the magnitude of 20° (laboratory 
angle) employing just the sin2? term will be matched. 

The principal features of the n— data which are of 
interest include the total cross section and the angular 
distribution. The former, after decreasing from about 
200 mb at 40 Mev to about 50 mb at 130 Mev, remains 
relatively constant up to 270 Mev. The angular dis- 
tribution is anisotropic but symmetric about 90° up to 
100 Mev. By 300 Mev the angular distribution is defi- 
nitely peaked in the backward direction. This asym- 
metry sets in possibly as early as 135 Mev.™ 

Charge independence, which we shall of course 
assume, implies certain relationships between n— p and 
p—p scattering. The scattering amplitude for p—p 
scattering can be written in operator form as follows: 


3) — A feeP it froPs ], 


where P, and P, are the well-known projection opera- 
tors for the singlet and triplet states, f,, and f;. are the 
corresponding scattering amplitudes which are even 
and odd respectively against an inversion. The scatter- 
ing amplitude for (n—) scattering in the same nota- 
tion is 


frp” - (feet feo) P.+ (feet fo) P,. 
The scattering at (r—#), is then 


fnp(r—) oo (fse— fro) P,— (fte— fo) P,, 


21 J. M. Dickson and D. C. Salter, Nature 173, 946 (1954). 

2 Oxley, Cartwright, and Rouvina, Phys. Rev. 93, 806 (1954). 

% Proceedings of the Fifth Annual Rochester Conference (Inter- 
science Publishers, New York, 1955), p. 146. 

* Randle, Taylor, Wood, and Snowden, Report on the Birming- 
ham Conference on Nuclear Physics, June, 1953 (unpublished), 
p. 25. Combining the data of Thresher, Voss, and Wilson, Proc. 
Roy. Soc. (London) A229, 492 (1955), and T. C. Randle and E. 
Uridge (unpublished), we estimate @(180°) /o(0)~1.3 at 135 Mev. 
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where we have inserted a phase of (—1) for the singlet 
as opposed to the triplet scattering which we can do 
since these do not interfere. Combining the last three 
equations we have the vector relation” 


fn.p(0)+f.p(r—8) = fpp(8), 


which expresses in a succinct form the consequences of 
charge independence. 

Some of the consequences are of interest. First we 
have the general vector inequalities: 


|onp!(w—8) —onp'(8)| Sopp(8) Sonp!(e—8) + ony! (9). 
For 8=90° and #= 180°, we have respectively 
Opp(4/2) <4eny(w/2), onp!()—onp'(0) <op,y'(0). 


The first of these inequalities is always satisfied by 
the experimental data. In the second, over most of the 
energy range an estimate of the specifically nuclear 
p—p cross section ¢,,(0) may be obtained by assuming 
isotropy. The second inequality is just barely met by 
the n—p data of de Pangher at 300 Mev, but is easily 
satisfied by Easely’s data, which give a larger o,,(0) 
at the same energy. At higher energies the proton- 


(44) 








Bo = (0|0)+ (01101) +3(11 | 11) +5(2|2)+5(2 | 2)+5(2@ | 2@)+47(33|33)+9(4| 4), 
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proton scattering becomes peaked in the forward 
direction, as it must in order to match the large back- 
to-forward ratio of the measured n— > scattering.” 


Proton-Proton Scattering 


We shall first give the necessary detailed formulas as 
obtained from Eqs. (34) and (35). The differential 
cross section including both the singlet and triplet 
contributions is 


o pp(0) = (1/k) 2B Px(cosd), (45) 


where the superscript on B indicates that the isotopic 
spin under consideration is 1. For p— scattering only 
even L enter. Let 


(46) 


for triplet states. When coupling between states of 
different /’s is possible, we shall use the symbol 


(Ji Jl) =singsn: sinnsy cos(qi— 47") 


(J@ | J) = sings sings cos(ny—ny-), (47) 


where 7,‘ is an eigenphase as defined by Eq. (17). 
For singlet states since /=J we drop / and I’ in the 
symbol defined by Eq. (46). We then find 


(48a) 


Ba = (3/2)(11| 11)-+10(0| 2)+ (50/7) (2| 2)-+12(11 | 33) + (21/4) (33]33) 
4+-4[coses + (3/2)! sines P(2 |01)+-4[ —sines + (3/2)4 coses® P(2 |01) 
4 3[ cose: — (2/3)! snes P[3(11|2)42(33]2)] 
4 3[sines + (2/3) coses P[3(11|2)4+2(33]2®) ] 
+ (7/2)[cos*e,+ (24/49)! sines™ cose.) + (8/7) sinte,“) P(2@ | 2) 
+7[ (1/7) cose.™ sines™-+ (6/49)! cos2e.™ P(2™ | 2@) 
+ (7/2)[sin*es" — (24/49)? sineo™ cosez™+8/7 costes P(2® | 2@), 


By = (90/7) (2| 2) 4+-9(33| 11) + (7/22) (33| 33) +60/7[sin2e2 — (1/6)? sin’, P(2 | 2%) 
+ (120/7)[cos2e + (1/6)? sines™ cose. P(2 | 2) 


+ (60/7)[—sin2e.™+ (1/6)! costes P(2® | 2) 
+ 50[ sines — (3/10)! coses™ P(33| 2) 
+ 50[ cose: + (3] 10)! sine, #(33| 2). 


These formulas include contributions from ‘So, 'Ds, 
*Po, *P1, *P2t+*Fo, and *F; states. The parameter ¢2“!) 
measures the mixing of *P, and *F2 states by way of the 
matrix F2; €:"’=0 corresponds to no coupling between 
these states. 

We turn now to the data and consider first the isot- 
ropy. The simplest solution of this problem is to make 
the principal states involved be the 'So and the *Po, 
since both of these give rise to isotropic distributions. 
It is, of course, possible at any given energy to obtain 
isotropy by a suitable mixture of many states, but it 
would be very difficult in any theory to maintain the 
necessary delicate balance over the required large 


26 J. Schwinger (unpublished). 
*¢ Hartzler, Siegel, and Opitz, Phys. Rev. 95, 591 (1954); 
A. J. Hartzler and R. T. Siegel, Phys. Rev. 95, 185 (1954). 


(48c) 


energy range. To determine qualitatively what the 
appropriate value for the boundary parameter fo 
should be, we first determine roughly the contribution 
of the 'So state by assuming ro (we shall for convenience 
never vary the boundary parameters with energy) to 
be energy-independent. We find that the phase shift 
decreases with increasing energy, going through zero at 
about 120 Mev and then changing sign and becoming 
of some importance at 300 Mev. This behavior is very 
similar to that obtained by Jastrow in his hard-core 
model. To obtain the results given by the monotonic 
potentials, it would be necessary to have ro decrease 
very rapidly and eventually become negative, indicat- 
ing for that case the absence of any physical significance 
to the core radius. However, in either event it is neces- 
sary for the *Po state to make a very sizeable contribu- 
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tion to the cross section. A second consideration limiting 
the possible choices of fo; comes from n— scattering, 
in which the interference terms between the *Po state 
and the (*S,+*D,) states are critical for the angular 
distribution. We find that to have symmetry about 90° 
below 100 Mev and a backward peak at higher energies, 
it is essential that the *P» phase shift be negative. Of 
course, evidence bearing on this sign would also become 
available upon analyzing the effects of Coulomb inter- 
ference.”” The dependence of the phase shifts on fo: is 
shown in Fig. 1. Combined with the results for the ‘So 
state we find that, to obtain the observed op,(90°), for 
should be between —5 and —, the particular value 
depending upon the energy dependence assumed for 
the core radius for the 'So state. 

To go further in this analysis we must consider the 
polarization data. We define the symbol [J/|J’l’ |’ and 
the analog of (47) by 


[Jl| J’ J=sinny: sinnyy sin(nyi— nv). 
Then from (39) the sin2’? term is 
ppp= 3(sin20/K°o pp) (cosdes + (1/6)! sin2es") 
x (C01 | 2 ]—[01 | 2 J+ $311 | 20 ]— 311 | 2) 
+ (5/4)[2/7+ (1/6)!] cos2e:[2|2@]]+---. (49) 


TaBLeE II. Angular distribution coefficients B,“. 
Entries not made are negligible. 








Energy (Mev) 38.5 80 120 190 


A 0.505 0.875 
B 0.490 0.825 
—0.007 0.012 
—0.014 0.032 





0.474 
0.430 
—0.001 
—0.004 


0.564 
0.579 
—0.036 
—0.020 


Bo") 
Bz") 


B;) 


A 
B 
A 
B 


0.011 —0.011 —0.015 








We first look only at the terms involving the *P» state, 
taking €:°?=0. (We have considered the effect of 
including coupling between the *P» and the *F; but 
have found that there is no particular advantage 
gained for the matching of the presently available 
experimental data, so that in the discussion below 
2) =0.) Two possible alternatives suggest themselves. 
In alternative A we assume that the *F, phase shift is 
small at all energies and that burden of matching the 
polarization must be carried by the *P: phase shift 
alone. In alternative B the *P: phase shift is mainly 
responsible for the polarization at low energies, while 
the *F, takes over at high energies. Having thus specified 
the *P, and *F, phase shifts at two energies, the core 
radius and boundary condition parameter for each are 
determined ; again these parameters are assumed to be 
energy independent. From these quantities the phase 
shifts for other energies could be found. 

Starting from this basis, various values of fo: were 
tried. The limiting features were (1) the nature of the 


%7R. M. Thaler and J. Bengston, Phys. Rev. 94, 679 (1954); 
A. Garren, Phys. Rev. 96, 1709 (1954). 
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Fic. 1. Phase shifts for uncoupled P states as a function of 
wave number and boundary parameter. The latter is indicated 
on each curve. 


interference with the *P2 and °F» states; (2) the required 
p—p cross section at 90°; (3) the effect on n— p angular 
distributions. By keeping fo close to infinity, effects (1) 
and (3) were made optimal. However, if fo were 
infinity, requirement (2) would not be easily met. A 
compromise was made by taking foi= —16, a choice 
which did not yield a large enough cross section at 90° 
for the lower energies. The anisotropy which arose from 
the interference between this *P» state and the *P» and 
3F, states could not be cancelled out to a sufficient 
degree by the interference of the latter states with the 
§P, and at the same time maintain a correct n—p 
angular distribution. It was then necessary that the 
major term which would restore isotropy should arise 
from the interference of the 'So and 'D, states. Again 
assuming energy-independent boundary conditions for 
the 'D, state, it was found necessary for alternative A 
that the 'So phase shift not go through a zero, and for 
alternative B that the 'So phase shift have its zero at 
a somewhat greater energy than would be obtained if 
the low-energy parameters were kept constant. To 
accomplish this the core radius for the 1S» state is 
permitted to have a relatively slow energy dependence. 
Once Bo“ and B,“) have been properly adjusted, it is 
necessary to examine the value of the By“ coefficient. 
For alternative A this coefficient was negligible, while 
for alternative B some additional *F; was required, 
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Fic. 2. Phase shifts as a function of energy for cases A and B. 
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Fic. 3. Phase shifts as a function of energy for cases A and B. 


which in turn modified B,“). The final values of the 
parameters are given in Table IV, to be found in Sec. V, 
the Conclusions, and the resultant values of the co- 
efficients B,“) in Table II. The only substantial devia- 
tion from complete isotropy occurs at 274 Mev, where 
for alternative A B,“)/Bo“ is 0.077, which is not in 
disagreement with the experiments. The phase shifts 
are exhibited in Fig. 2 and Fig. 3. The resultant cross 





Bo =3(1|1)4+.3(1® | 1)43(1 | 1)+5(22| 22)+7(3] 3)+7(32| 32), 


section at 90° is given in Fig. 4 and is satisfactorily 
within experimental error of the data for the most of 
the range, although it is somewhat low for energies 
between 40 and 80 Mev. The polarization is given in 
Fig. 5 in terms of the coefficient of the sin2d term in 
Eq. (49). 

It should be noted that the choice of parameters is 
fairly unique once the *P, and *F2 phase shifts are set. 
Of course, this is true only if one insists on keeping the 
boundary conditions as energy independent as possible. 
One result seems, however, to be relatively mode- 
independent, and that is that the scattering in the *Po 
state is close to that of an infinitely repulsive sphere. 


Neutron-Proton Scattering 
The differential cross section including both singlet 
and triplet contributions is 


Tnp(3) = (1/4%) 3° Bi P1(cosd), (50) 
where 


Br=B,+B,. (51) 


Expressions for B;“ are given in Eq. (48). The corre- 
sponding expressions for B, follow 


(52a) 


B,© = B,=6(0] 1) +12(1|2)+9(11| 22)+18(2| 3)+16(33] 22) 


+ (—sine, +2 cose:)*[2(1 |01)+3(1 | 11)] 


+ (cose: +24 sine,®)[2(1 101) +3(1| 11) ] 


+10(cose:™ coses+50-! sine, coseo + (27/25)! sine sines™)?(1 | 2) 
+10(—sine:™ coses“+50~? cose: cose.) + (27/25)! cose: sines™)?(1 | 2) 
+10(cose:™ sinex™+50- sine sine,“ — (27/25)? sinex™ cose.™)?(1 | 2) 
+10(sine:™ sines™ — 50-4 cose; sine,“ + (27/25)* cose: cose,™)?(1® | 2) 
4+3(coses — (2/3)! sine,™)?(2 | 22)-+3(sines™+ (2/3)? coses™)2(2® | 22) 

+ (84/5) (coses™ + (294)-4 sines™)2(2® | 32)-+ (84/5) (sines™ — (294)-4 cose,™)2(2 | 32), 


By =6(1| 1)-++ (25/14) (22|22)+ (40/7) (32| 22) + (48/7) (32| 32) 
43(sin2e,+ 2-4 sine, )?(1 | 1) 4-3(—sin2e,-++2-4 costes)2(1]1®) 
+6(cos2e;@ —2-4 sine,™ cose,”)*(1 | 1®)-+10(sine,-+2-4 cose:™)?(22| 1) 
+10(cose;® — 2-4 sine, )?(22|1)+-14 (cose: + (2/49)? sine, @)?(32| 1) 


+14(sine, — (2/49) cose,)?(32|1), 


B; = B;=6(01|32)-+12(11|32)+14(0|3)+18(1|2)+ (56/3) (2|3)-+ (7/3) (33| 22)-+ (28/3) (33| 32) 
+10(cose:™ sinez™-+ (27/25)! sine: cose, + (8/25)? siney™ sineg™)?(1 | 2) 
+10(—sine,™ sines™+ (27/25)! cose: coses™ + (8/25)? cose: sine,™)?(1@ | 2) 
+10(cose:™ cosex™ — (27/25)! sine: sine, + (8/25)! sine coses™)?(1™ | 2) 
+10(sine,™ coses™-+ (27/25)! cose:™ sines™ — (8/25)! coser™ coses)?(1 | 2) 
+14(cose; — 2-4 sine:™)?(1™ | 33)+14(sine, + 2-4 cose,™)?(1 | 33) 
4-12(coses — (2/3)4 sines™)2(2 | 22)+-12(sines + (2/3)# coses™)2(2 | 22) 

+ (36/5) (cose, + (8/27)! sines™)?(2™ | 32)+ (36/5) (—sines“) + (8/27)* coses™)?(2® | 32), 


By = 24(1|3)+ (378/37) (3| 3)+ (40/7) (22| 22)+ (100/7) (32| 22)+ (22/7) (32| 32) 
+ (108/7) sine; (1 | 32)+ (108/7) cos*e, (1 | 32). 
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Fic. 4. Differential p— cross section at,90°%in the center-of- 
mass system as a function of proton laboratory energy. Square 
points are from Kruse, Teem, and Ramsey}[Phys. Rev. 94, 1795 
(1954)]. Circular points are from Chamberlain, Segré, and 
Wiegand [Phys. Rev. 83, 923 Sec The triangular points are 
from Marshall, Marshall, and Nedzel [ Phys. Rev. 92, 834 (1953) ]. 


The isotopic singlet states which have been considered 
are 55,+°Di, Py, 3Do, 3D, IPs, 

In our analysis of the n— p data we shall first examine 
the consequences of the low-energy fit for the *S,+*D, 
state, in which only two combinations of the three 
parameters of the F; matrix have been determined. 
The parameter fj: will be taken to be the remaining 
unknown to be fixed presumably by the high-energy 
data. In Fig. 6 we plot the coefficient By (which is 
directly proportional to Q,,) as a function of fi: for 
three energies 38.5, 93 and 260 Mev. The experimental 
values are also indicated. The contributions included 
in Bo are those of the *S,-++*D, states and of the isotopic 
triplet state as determined by the experimental proton- 
proton values. Therefore this Bo is less than or equal 
to the actual experimental value, and particularly for 
the highest energy should be considerably less than the 
experimental value. From the figure we see that the 
parameter fi2 should be greater than zero. But in this 
range the *S,+*D, contributions below about 100 Mev 
are independent of fi: and therefore are completely 
determined by the low-energy scattering. We note that 
over most of the energy range nearly all of Qn, is given 
by the *S,+°D, states plus the isotopic triplet states. 

For the lower energies, the value of B, can be calcu- 
lated from the differential cross section at 90° and is 
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Fic. 5. The coefficient of the sin28 term in Eq. (49) for 
cases A and B. 
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Fic. 6. The coefficient Bo as a function of /i2. 


again determined mainly by the *S,+*D, states and the 
isotopic triplet state. Employing the low-energy *S, 
+*D, parameters we plot B: in Fig. 7 for 38.5 and 93 
Mev. The range f12>0 is satisfactory for 93 Mev but 
proves to be low for 40 Mev. As expected the value of 
B, for fi2>0 is roughly independent of fi. and is 
therefore determined by the low-energy scattering. 
Agreement with the experimental value at 40 Mev 
could be obtained by permitting ro for this state to be 
energy dependent. However, more detailed and precise 
data in this energy range should be available before 
such measures are employed. In the calculations to be 
reported below, we have kept ro equal to 1.32K10-" 
cm for all energies. The parameter fi: was placed equal 
to 1.725, for which fio equals 1.725 and fi‘ equals 
(—3.8). The corresponding phase shifts are given in 
Fig. 2, the coupling coefficient «:“ in Fig. 8. 

We may now go on to examine the other coefficients 
B, and particularly B,. One of the principal terms is 
the interference term between the *P, and *S,+*D, 
states. The coefficient of the (1“|21) term is obtained 
by multiplying the quantity plotted in Fig. 8 by ten, 
while the coefficient of the (1 |21) term is exactly 
10.2 minus the coefficient of the (1“|21) term. At the 
lower energies 7: is small, so that nearly the entire 
interference term is given by the (1 | 21) term. This is 
positive, since both phase shifts are positive (the 
second because of the sign of the p—? polarization) 
and relatively large because ofthe large. coefficient. 
The size of the latter is determined by the positive 
sign of ¢;"), which in turn is fixed by_the sign of the 
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Fic. 7. The coefficient Bz as a function of fis. 
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Fic. 8. The coupling angle ¢,;) describing the coupling between 
the *S, and *D, states is given by the left-hand ordinate. The 
right-hand ordinate measures the coefficient of the (1@)|21) term 
divided by 10 and the coefficient of the (1% |01) term divided by 


2 in By. 


quadrupole moment. This positive contribution to B, 
decreases with increasing energy. Meanwhile 7°, 
which is negative, is growing as well as the coefficient 
of the (1@)| 21) term, so that by 274 Mev the sum of the 
(1®| 21) and (1 | 21) terms is negative. The remaining 
contributions to B; must be chosen negative so as to 
cancel out the (1]|21) contribution at the lower 
energies and to give a negative excess at the higher 
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Fic. 9. Total n—> cross section as a function of energy. The 
unfilled circular points were obtained from Hadley, Kelly, Leith, 
Segré, Wiegand, and York [Phys. Rev. 75, 351 (1949) ]; Kelly, 
Leith, , and Wiegand [Phys. Rev. 79, 96 (1950)]; O. Cham- 
berlin and J. W. Easley [Phys. Rev. 94, 208 et J. DeJuren 
and B. J. Moyer [Phys. Rev. 81,1919 (1951) ]; and R. H. Hilde- 
brand and C. E. Leith [Phys. Rev. 80, 841 (1950)]. The unfilled 
square point at 90 Mev is an average of many measurements as 

iven by R. H. Stahl and N. F. Ramsey [Phys. Rev. 96, 1310 

1954)]. The other square points are from V. Culler and R. W. 
Waniek [Phys. Rev. 95, 585 (1954)]. The filled circular points 
were obtained from Guernsey, Mott, and Nelson [Phys. Rev. 88, 
9 (1952)]. The triangular points are those of Randle, Taylor, 
Wood, and Snowden*; A. E. Taylor and E. Wood [Phil. Mag. 
44, 95 (1953)], and A. E. Taylor [ Phys. Rev. 92, 1071 (1953)]. 


energies, in accordance with the experimental data. 
One may easily verify that this requires 9: to be nega- 
tive, m1 to be positive; these were the requirements 
which dictated our choice of fo, and fi: in the preceding 
discussion on p— p scattering. Unfortunately, the nega- 
tive contribution from m0; is not large, principally be- 
cause the phase shifts yo: approach (—7/2). In case A, 
where the phase shift 40 is always positive, an effective 
way of obtaining a negative contribution to B, is to 
choose f; so that ; is negative. Then the contributions 
of the (0|1) and (1|2) are both negative. These could 
be made larger if the requirement of isotropy in p—p 
scattering were relaxed, for then m2 could be increased. 

In case B, no changes sign. However, at low energies 
only the (0|1) term can be effective, so that again m 
must be negative and, as may be seen from Fig. 1, will 
be increasingly negative. Hence, when no changes sign, 
the (0|1) term will be positive. However, in this case 
the m2 phase shifts are considerably larger so that most 
of this effect is cancelled out by the (1|2) term. The 
battle to obtain the proper asymmetry for n— p scatter- 
ing is then taken up in B;, which must then be negative. 


TaBLE III. Angular distribution coefficients Bz. (The coefficient 
B.~B,™ is given in Table II.) 
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Here the (1|2) term contributes strongly and also the 
°F; terms. This was the main reason for choosing this 
state to obtain p— isotropy rather than the *F, state. 
A summary of the results is contained in Table III; 
the boundary parameters describing the *S,+*D, states 
have already been mentioned. The only additional 
state added is the 'P;, for which, for both the alterna- 
tives A and B, the core radius is 1.32 10-" cm and 
fi=2.5 independent of the energy. We have therefore 
added only one new parameter beyond the parameters 
determined by low-energy triplet scattering and p—p 
scattering and, as shall be seen, we are able to predict 
the expected neutron-proton scattering fairly well. 
Comparison with the data is made in Fig. 9 to Fig. 
13. One must bear in mind the wide spread in energy 
of the neutron beam associated with each nominal 
experimental neutron energy. Excellent agreement with 
the data is obtained for the total cross section Qn», and 
Onp(90°), the latter being not too well known. From 
the other figures it is clear that the cross sections at 0° 
and 180° are considerably less than the experimental 
values. The angular distributions at 90 and 300 Mev 
are duplicated fairly well but do not rise high enough 
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Fic. 10. Differential n— > cross section at 90° in the center-of- 
mass system as a function of neutron laboratory energy. The 
unfilled circular points are taken from J. Hadley et al. [Phys. 
Rev. 75, 351 (1949)], and J. de Pangher [Phys. Rev. 95, 578 
(1954) ]. The unfilled square point is that of R. H. Stahl and N. F. 
Ramsey [Phys. Rev. 96, 1310 (1954) ]. The triangular points are 
those of Thresher, Voss, and Wilson [Proc. Roy. Soc. (London) 
A229, 402 (1955)]. Randle, Taylor, and Wood [Proc. Roy. Soc. 
(London) A213, 213 (1952)]. Randle, Cassels, Pickavance, and 
Taylor [Phil. Mag. 44, 425 (1953)] and Randle and Uridge 
(unpublished). The filled circular points are from Guernsey, 
Mott, and Nelson [Phys. Rev. 88, 15 (1952)]. 


at 180° for both cases and at 0° for 90 Mev. We shall 
defer discussion of possible remedies to the Conclusions. 


V. CONCLUSIONS 


We have found that the boundary-condition approxi- 
mation is simple to use and provides a broad correlation 
of the experimental data. We have been able to fit in 
most particulars the existing scattering data up to 274 
Mev employing only one energy-dependent parameter, 
the core radius ro for the 4S» state. The boundary 
parameters employed are given in Tables IV and V. 
The chief omission has been the angular dependence of 
the p—p polarization data. We have assumed this to 
have the simple form sin2¢. 

Two principal features of the fit which are probably 
model-independent are 

(a) The p—> scattering is composed mostly of scat- 
tering in the 1S and *Po states. The scattering from the 
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Fic. 11. Ratio of the differential n— cross section at 90° to 
that of 180° in the center-of-mass system as a function of neutron 
laboratory energy. References are the same as those in Fig. 10. 
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Fic. 12. Relative differential m— p cross section at 90 Mev. The 
shaded area represents the available experimental data as given 
by R. H. Stahl and N. F. Ramsey [Phys. Rev. 96, 1310 (1954) ]. 
The theoretical curve is adjusted to agree with experiment at 
90°. For comparison of experimental and theoretical normalization 
see Fig. 9. 


latter is close to the scattering by a repulsive sphere of 
radius 1.32 10-* cm. 

(b) The scattering in the isotopic singlet state below 
100 Mev, assuming that the angular distribution is 
symmetric about 90°, is determined entirely by the 
(®S:+°D,) states. The scattering in this state up to 
100 Mev is predicted from the fit of the triplet scattering 
data near zero neutron energy. Above 100 Mev, the 
(8S:+°D;) states still make the major contribution, 
although a considerable effect must come from other 
states; in our fit from the 'P; state. 

One methodological result noted is that the fit of 
proton-proton data and that of the neutron-proton 
data must be considered together. The odd terms in the 
n—p angular distribution depend critically upon the 
interference between the isotopic triplet and isotopic 
singlet states. In the present paper this determined the 
sign of the *P» phase shift and the type of states in- 
cluded in achieving isotropy for p— p scattering. 
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Fic. 13. Relative differential n— cross section at 300 Mev. 
The experimental points are those of J. de Pangher [Phys. Rev. 
95, 578 (1954) ]. J. W. Easley [University of California Radiation 

boratory Report UCRL-2693 (unpublished)] has obtained 
small angle points which are some 20% higher than those of 
dePangher. These would agree very closely with the theoretical 
curve. The theoretical curve is adjusted to agree with experiment 
at 90°. For comparison of experimental and theoretical normaliza- 
tions, see Fig. 9. 
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TaBLe IV. Boundary parameters for the isotopic triplet states. 
States for which no entries were made were assumed to give 
negligible contributions to the scattering. The parameter /f2*) was 

laced equal to zero. Energies E are expressed in Mev in the 
aboratory system. A and B refer to the two types of fit attempted. 








State 1S IDs 3Po *P; %P, %F, Fs 
1.32 0.88 0.88 
1.32 1.1 





1.32e9@VE 1.32 
1.32e0@VE 1,32 


ro (10-8 cm) é 


1.32 1.32 


—16 045 O 
—16 0 1.5 


A —0.947 1.0 
fs B —0.947 06 








We note also the type of data which appears most 
useful. In p— p scattering the polarization experiments, 
the sign and angular distribution are most important. 
It would also be valuable if measurements of the degree 
of isotropy in p—p scattering similar to that at Har- 
vard”® at 90 Mev and California”® at 300 Mev were 
made at other energies. In n—> scattering, more de- 
tailed information on the angular distributions are 
needed, particularly the cross section at 0° and 180°. 
It would be undoubtedly worth while to obtain much 
of this detailed information in the lower energy range 
where fewer states enter in the scattering. 

The chief failure in the fit reported here is in the cross 
section at 180° in n—p scattering. A good fit is pre- 
dicted in the range 30° to 120°, but outside of this 
range the predicted cross sections fall below the experi- 
mental ones. This is not too surprising inasmuch as one 
would expect the model to fail for these close encounters. 
This comparison could be improved considerably if the 
p—p scattering is more anisotropic than we allowed, 
or if the ratios on,(0°)/c,,(180°) are considerably 
larger at the higher energies than present experiments 
indicate. Otherwise, it would be necessary to make 
other parameters energy dependent. For example, the 
’Po state could be required to contribute less strongly 
at the higher energies, and the *P; more strongly. 
Further information on these states should become 
available soon upon completion of phase shift analyses 
being performed at Yale and California. Note that we 
have also omitted the effects of meson production which 
may be of some importance at the higher energies. It 
would be expected that such effects be still fairly small 
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TaBLeE V. Boundary parameters for the isotopic singlet states. 
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at 274 Mev, but that they should tend to help explain 
the observed forward-to-back ratio. 

An earlier attempt by us” to fit the data by using 
the boundary-condition approximation should be men- 
tioned here. A common energy-independent core radius 
was employed for all states. The reactance matrix 
could then be expressed in terms of spin, orbital 
angular momentum and isotopic spin operators. Con- 
siderably fewer parameters than those given on Table 
IV were required to obtain a fair fit. This attempt 
failed, however, in that it predicted the wrong sign for 
the polarization at 240 Mev although the magnitude of 
the polarization was correct. 
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Note added in proof.—Since this paper was written, the p—p 
scattering experiments at 300 Mev at California have been ana- 
lyzed by Dr. Henry Stapp. His results are in qualitative agree- 
ment with our results for Case B, but are not in good quantitative 
agreement. 
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A method, based upon the results of Feshbach and Lomon, is 
established by which a given potential may be simply tested for 
its capability of providing an adequate charge-independent 
description of nucleon-nucleon scattering to 300 Mev. The view 
is taken that the scattering is better represented by replacing the 
(in general) strongly energy-dependent scattering phase shifts 
with a set of suitably defined logarithmic derivatives yz. These, 
when evaluated at a “characteristic interaction distance” 7, will 
depend at most weakly upon energy. The success of the Feshbach- 
Lomon (FL) model in the interval 0 to 300 Mev is here regarded 
more generally as establishing this view in the above energy 
range. These ideas are given their mathematical formulation 
through a generalization of effective-range methods familiar in 
low-energy scattering. Here 7, which plays the role of an effective 
range, is shown by means of stationary expressions for I'yz to 


attain a state-independent value equal to the FL “core” radius, 
provided that I'yz has the desired weak energy dependence. It is 
then only necessary to find the behavior with energy of the 
parameters yz, as determined by a given potential, in order to 
test whether or not the latter is capable of giving a charge- 
independent description of the scattering. The method is illustrated 
in singlet S-states with two-parameter monotonic static potentials. 
It is found that Gaussian, exponential, and Yukawa poten- 
tials are not consistent with the analysis unless these potentials 
also contain a repulsive core whose radius is suitably restricted. 
A rectangular potential is barely possible because of the uncer- 
tainties in the FL fit arising from insufficient experimental data. 
An Appendix is devoted to a discussion of the variational principle 
used in the text. 





I. INTRODUCTION 


N the preceding paper,' an explicitly charge-inde- 

pendent fit of the nucleon-nucleon bound state, 
and scattering data has been obtained. A model was 
used which confines the nuclear forces within a radius 
ro which depends upon the state and which, for all but 
one state, the 'So, was taken to be energy independent. 
In this region the forces are assumed to be sufficiently 
strong to be essentially independent of the relative 
energy of the colliding particles, and may thus be 
represented by an energy-independent boundary con- 
dition applied to the set of logarithmic derivatives 
fax(ro) of the interaction wave function. We wish to 
point out that the success of this specific model may 
be more generally regarded as establishing, within the 
above energy range, an alternative and highly compact 
representation of experimental results. This repre- 
sentation embodies an extension to higher energies of 
the effective-range methods’ familiar in the analysis of 
low-energy nucleon scattering. It will be shown in this 
paper that such a viewpoint results in a simple pro- 
cedure for determining whether a given potential is 
capable of giving a charge-independent description of 
the scattering. 

The success of FL in fitting data in the range 0 to 
300 Mev suggests that, from a formal standpoint, the 
scattering may be more appropriately represented in 
each state by two parameters, ['y,(7) and #, which 
depend only weakly upon the energy, than by the 


* A portion of this materia] may be found in the author’s thesis, 
Harvard, 1954 (unpublished). 

{ This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 

1H. Feshbach and E. Lomon, preceding paper [Phys. Rev. 
102, 891 (1956) ], referred to as FL. 

2 J. Schwinger, lectures on nuclear physics, Harvard, 1947 
(unpublished); Phys. Rev. 72, 724 (1947). J. M. Blatt, Phys. 
Rev. 74, 92 (1948). J. M. Blatt and J. D. Jackson, Phys. Rev. 
76, 18 (1949). 


phase shift 6,,, which is, in general, strongly energy 
dependent.? (!'y,= f71+1). In II, we shall make use 
of a procedure due to Schwinger‘ to define an appro- 
priate set of generalized logarithmic derivatives I’ on 
the surface of a sphere of radius 7, which we then show 
to be Hermitian. A stationary expression for TI’ is then 
invoked, by means of which 7 is so chosen that I’ has 
the desired weak energy dependence. The resulting 
condition for * is manifestly a generalization of that 
used to define the effective range in low-energy scat- 
tering theory. This connection is made explicit by con- 
sideration of the 1So and *S,+*D, states of the two- 
nucleon system. The “effective interaction distances” 
# in these states are shown to be equal to each other 
within experimental error and to have the value ro 
found by FL to yield the best over-all agreement with 
the scattering data. Thus, only a single range parameter 
is needed to describe the low-energy scattering in 
singlet and triplet states. In III, we investigate the 
energy dependence of the logarithmic derivative in the 
1§9 state and compare with the FL fit. It is demon- 
strated that with sufficiently complete and accurate 
data for energies less than 50 Mev, it would be possible 
to determine the character of the interaction potential. 
For example, if it is assumed that T does not vary more 
than 20 percent in energy from 0 to 50 Mev, then the 
rectangular, Gaussian, exponential, and Yukawa wells 
would fail to fit the data. However, a potential con- 
sisting of a repulsive core together with an exterior 
well of rectangular or Yukawa shape could satisfy the 
above criterion. In the former case a repulsive core 
radius r, less than 0.4X10-" cm, and in the latter r, 
less than 0.7X10-" cm would be required. A brief 


3G. Breit and W. G. Bouricius, Phys. Rev. 79, 1029 (1949) 
have discussed this point of view most thoroughly for low-energy 
S-wave scattering. 

‘J. Schwinger, lectures on nuclear physics, Harvard, 1955 
(unpublished). 
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discussion of the variational principle used in the text, 
together with its explicit realization for higher angular 
momenta and tensor forces, is included in the appendix. 


Il. THE EXTENDED EFFECTIVE-RANGE DESCRIPTION 


Consider the Schrédinger equation for the interaction 
of two nucleons, 


(?—H)y=0; ry=0 when r=0, (1a) 


and its adjoint, 

vi(R—H)t=0, (1b) 
where = ME/?#?, H= —V?+-H’, and H’ is the inter- 
action Hamiltonian, which we shall assume to be 


energy independent and of short range. Let us also 
introduce a comparison wave function Y, satisfying 


(P+V?)¥=0. (2) 
Inside the interaction volume, WV is then an extrapola- 


tion of ¥. By elementary manipulation one obtains the 
relations 


Vv -WWivy— (vy) ]=0, (3) 
Vv -[Wive— (vv) ]=0. (4) 


Let us integrate Eq. (3) over all space, but Eq. (4) 
only outside a sphere of radius r=7. Then in view of 
the identity of y, Y at large distances, we must have 


J is-|vov— wy] =0. (5) 


Observing that only the radial part of the gradient 
operator contributes to this integral, we define a 
generalized logarithmic derivative I on the sphere r=? 
by the expressions 


re) 
or r=? 


te) 
Fra = Pvt (art, 
or r=7 


=Trv (7), 


Equation (5) thus expresses the hermiticity of I’: 
f aol rv r—ryre] =0, 
r=f 
It is proven in the appendix that 


: dorV'Tr¥ 


r=T 


-f (an\ir2(onb)t-¥ ()—-V' (8-H) 
all space 


-f (dr) [19 (r¥)t- 9 (rh)—vtky] (8) 
r>f 
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is a stationary expression for I’ under independent 
variation of ¥, Y or their adjoints. It is convenient to 
use Eq. (8) as a means of specifying the energy de- 
pendence of I’. Under variation with respect to the 
energy, the wave functions in their dependence on 
energy do not contribute by virtue of the stationary 
property, and one obtains the rigorous expression 


f der" (AT /dk*)rv 
r=f 


i f (dry vty — f (dr)p'y. (9) 
r>? all space 


Let us now view the wave functions y, V as being de- 
composed into mutually orthogonal parts, each part 
corresponding to a constant of the motion. Equation 
(9) is then to be regarded as a set of independent equa- 
tions corresponding, for example, to possible values of 
the total angular momentum J, spin S, and charge state 
7. Thus with central forces Eq. (9) assumes the form 


J 


Uitri\atin/de= f arvi— f dru;?, (10) 
f 0 


TL 


as shown in the appendix. Here u,;, U, are the radial 
parts of y, Y corresponding to angular momentum L. 
The orthogonality of these partial waves requires T 
to be a diagonal matrix, whose elements are I',z,. For 
the coupled waves present in triplet scattering with 
tensor forces, we find in the appendix that 


olvy ows 
[ure +W ?(r) 
Ok? Ok? Jr=ry 


He f af UP()+W2(0)] 
Fy 


-f drlus?(r)+ws7(r)]. (14) 


0 


Here u,, wy are the radial wave functions for L=J—1, 
J+1, respectively, and U;, Ws are the corresponding 
comparison functions. These wave functions, together 
with #, and the logarithmic derivatives, may refer to 
either of the mutually orthogonal eigenwave mixtures 
which, in virtue of the tensor coupling, remain un- 
changed during the scattering process. 

In each scattering state ¢, we now require #; to be 
energy independent, and of value such that the left- 
hand side of Eq. (9) vanishes when evaluated at some 
specified energy E, 


or; ‘ 
—| =0, E=8. 
Ok? Ir= Fr 


The logarithmic derivatives I’, which in the vicinity of 
E depend at most weakly upon energy, together with 


(12) 
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the (by choice) energy-independent characteristic 
distances #;, completely specify the scattering. Indeed 
the I’s are formally identical with the logarithmic 
derivatives f+ 1, assumed energy independent by FL in 
their fit of the scattering data. However, while the 
latter incorporate the effect of a very strong nuclear 
force confined within a region r< ro, the former embody 
no assumptions whatever about the force except its 
static nature and short range. The increased generality 
of description is reflected in the correspondingly weaker 
statement that I; is no more than locally energy- 
independent. 

The form of Eq. (9) suggests that the foregoing de- 
scription is closely analogous to the effective-range 
representation of low-energy scattering. In the 4S» state, 
Eq. (8) reduces to 


U()Po(Fs) = f dr{ (du/dr)*—[8—2 f(r) 2) 


“ f dr{(dU/dr)*—U*], (13) 


ro 

where u, U satisfy the equations 
[(@/dr*)+k—d f(r) Ju=0, (14) 
[(@/dr*)+#]U=0, (15) 


in which A> MV /h? and Vof(r) is the ‘So potential. 
Let us set 7=0 momentarily, and follow Schwinger® 
in introducing energy expansions: 


u(r)=uo(r)+Ru(r)+::-, 
U(r) =Uo(r) + PUi(r)+-°:, 


u,(0) = 0, 


U,(0)=0, e 


and 
To(0) =k cotéo= ao '+-$r ok? — Pre®k*+ ere, (17) 


Equation (13) then yields the customary definitions of 
the singlet scattering length do, effective range r.o, and 
shape-dependent parameter P: 


aot=U,5*(0) | f i [ (duto/dr)2—D f(r) uc? ]dr 


“4 f “artave/iry}, (18) 


breo= Us-*(0) f (Ud—ue)dr, (19) 
0 


Pr.= vs*(0) f (UoUi-— Uott;)dr. (20) 
0 


It is thus appropriate to apply Eq. (12) at E=0, which 
then gives the definnig equation for 79: 


f arve— f 
f 0 


0 
5 J. Schwinger, Phys. Rev. 78, 135 (1950). 


oe 


ugdr=0. 


(21) 
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Using Eq. (19) and the zero-energy solution of Eq. (15), 
Ud(r) = 1+ac"'7, (22) 


we obtain an expression for ro independent of the details 
of the force, 
(23) 


$f 0=fotac fe+ far re’. 
From the experimental values® 


fr o= (2.52+0.23) X10-" cm, 


ag != (0.422+0.009) X 10” cm“, 
we have 
Fo= (1.20+0.11) X 10-" cm. (24) 


This value is in good agreement with the “core” radius 
ro~1.32X10-" cm found empirically by FL to yield 
the best over-all fit of nucleon-nucleon scattering data ; 
and of course also agrees with the boundary radius of 
0.47 e?/mc found by Breit,* using the same criterion 
(i.e., weak energy dependence) but rather different 
methods. 

Turning now to the coupled *S;+*D, mixture, we 
apply condition (12) to Eq. (11) at E= —e, the binding 
energy of the deuteron. By virtue of the normalization 


f dr(u;?+w,") =1, (25) 
0 
we have 
f dr[UZ+W]=1, E=—e, (26) 
ry 


in which the’S, D comparison functions U;, W; refer 
to the S-dominant eigenwave mixture. Equation (26) 
is now to be compared with the “bound state” definition 
of the effective range, 


U2(0) (4re1) = f 4 drU 2—1 (27) 


where U;(r) is the solution of (15) at E=—e, 
Ui(r)=U,(0) exp(—ar), n= (Me/h*)}, 


and thus corresponds to neglect of the small D-state 
admixture in U,(r). The latter and W,(r) are the 
solutions of the radial equations, uncoupled in the 
absence of interaction, 


[(@/dr*) — 1° JUi(r) =, 
((@/dr*) — (6/7) — 9? Wi(r)=0, 
which we write as 
Ui(r)=U1(0) (1—$*)! exp(—nr), 
Wi(r) =U (0)s[1+3 (nr) +3 (nr)*] exp(—m). 


In this way U;(0) measures the total amplitude at large 


(28) 


(29) 
(30) 


(31) 
(32) 


6 Recent data summarized by H. S. W. Massey, Proceedings of 
the International Conference on Nuclear and Meson Physics, Glas- 
gow, 1954 (Pergamon Press, London, 1955). 
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Fic. 1. The variation of the triplet characteristic interaction 
distance # with the admixture parameter ¢ [Eq. (37) ]. The ver- 
tical lines indicate the error associated with the triplet effective 
range r-:. The shaded region indicates possible values of the corre- 
sponding singlet quantity 7». The distances 7, 79 may, consistently 
with experiment, be taken as equal. 





distances, 


Lim[U2+W}!~U1(0) exp(—m), 


(33) 


while ¢ similarly measures the relative amplitude of D 
state, 
Lim W,/(U2+W)'~¢. 


ro 


(34) 


The quantity U,(0) is determined from Eq. (27) to be 
U1(0) = 2n/(1—nre)', (35) 
while ¢ is fixed by reference to the quadrupole moment, 


v2 fr 
o-— f drr? (uw — 2-*w;")—~2.77 X 10-77 cm?. (36) 
10 Yo 


The error incurred in Eq. (36) by replacing the inter- 
action wave functions by their corresponding com- 
parison functions is small, by virtue of the insensitivity 
of Q to changes in the former at small distances. The 
quantity ¢ thus determined is ~0.02, although this 
value could fluctuate by perhaps 50% without de- 
stroying agreement with the observed value of Q and 
the asymmetry of the low-energy n-p angular dis- 
tribution. 

The condition (26) then yields the following expres- 
sion for #1: 


1—nres=(14+6f? (n?,)*(14+-n71)"] exp(— 2n?,). 


In Fig. 1 we have plotted 7; in its dependence upon the 
admixture {, using the experimental values’ 


e= (2.226+0.003) Mev, 
rei= (1.720+0.035)10—* cm, 


(37) 


7 For 7.1, see Hughes, Burgy, and Ringo, Phys. Rev. 79, 227 
(1950); for «, see E. Melkonian, Phys. Rev. 76, 1744 (1949). 


“A @and have also indicated the permitted range of values 


of #o. We may evidently consider the characteristic 
distances 7;, 79 to be the same within experimental 
uncertainties. Thus even at low energies the compact- 
ness of this “extended effective range” description is 
manifest, in that only one characteristic distance need 
be used to describe the ground states of the two- 
nucleon system, as opposed to the two range corrections 
Yeo, Ye: in the usual treatment. 

It is clear from the above development that # has no 
more significance than the effective range itself. In the 
1§o state, it is closely equal to half the effective range, 
and therefore may be thought of as a mean interaction 
distance. In general, however, it is simply to be viewed 
as one of two parameters that have been chosen to 
represent a single strongly energy-dependent quantity, 
the phase shift, in such a way as to make it an explicit 
function of energy, rather than an implicit one, over a 
certain energy range. To the extent that an energy- 
independent core region is actually a true representation 
of the nuclear force, these parameters have physical 
significance. 


III. IMPLICATIONS FOR THE NUCLEAR FORCE 


Since the value of # agrees well with the core radius 
of the preceding paper, we may apply the results of FL 
directly to our own work. Regarding the logarithmic 
derivative T as energy independent results in a quan- 
titative fit of all nucleon scattering data to 200 Mev. 
In virtue of our more general description, this fit is no 
longer to be regarded solely as a consequence of a 
specific model of nuclear forces, but rather as consti- 
tuting a strong condition which any proposed nuclear 
potential must satisfy if it is to yield a charge-inde- 
pendent representation of the data. More specifically, 
the energy-independent character of I' in S-states is 
maintained only within an energy region corresponding 
to the shape-independent approximation, where all 
short-range potentials are equivalent; i.e., 0 to 15 Mev. 
The further energy independence required by the FL fit 
must therefore be determined by the details of the 
potential. Thus what has been established in the above 
simple fashion is a means of testing potentials for their 
agreement with experiment without recourse to a 
phase-shift analysis. One need only determine the 
behavior with energy of the I; corresponding to the 
potential in question. 

In order to illustrate this procedure, we turn our 
attention to ‘So scattering from a number of potentials 
in the limit of zero binding (infinite scattering length). 
Let us first consider the rectangular well, for which an 
exact expression for I' can be obtained.* The functions 
u, U are given by 


x<1, 
u=U~sinkx coté+coskx, +21, 


u~sinax, 


(38) 


® Henceforth, all quantities refer to the ‘Sq state, 
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where we now use the dimensionless notation «=1/R, 
xk=kR, oa? =«°+72°/4, and R is the range of the force. 
Matching logarithmic derivatives at x=1 yields the 
desired expression for I'(x), 


(a cota) cotx(#—1)—« 





T(x) =x cot (ké+6) =x (39) 


a cota+kx cotk(%—1) 


where according to Eq. (23) #=7/R=}. 

An estimate of the energy dependence of I'(x) is to 
be made by comparing its value at a given energy with 
its correct zero-energy value,’ 


T'(0)=a"R/(1+a—#) =0.0965-+0.0077(rect.). (40) 


The expression 
e(x) = (T(x) —T'(0))/T' (0) 


is shown in Fig. 2. 

It is nevertheless of interest to use the rectangular 
well as a means of testing the accuracy of results 
obtained through the use of variational principle, Eq. 
(13). Consider the expression 


IY (k) =TotT ie? +T ox". (42) 


The coefficient I’; is required to vanish by our choice 
of #; then T, is primarily responsible for the energy 
dependence of I over an interval whose extent we now 
determine. By differentiating Eq. (13) twice with 


(41) 





10 T 


TV were 


1 pe il 


ne 
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100. 


Fic. 2. The dependence of the 'So logarithmic derivative on 
energy, as measured approximately by the parameter ¢’ [Eq. 
(45)1, for four well shapes. The accuracy of this measure is 
indicated for the rectangular well by plotting the exact dependence 
e [Eq. (41)] using Eq. (39). 


FL obtain 0.08 for this quantity by analysis of low-energy 
n-p data. A similar analysis by G. Breit and W. G. Bouricius 
(reference 3) gives the same value. 
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respect to energy, making use of its stationary character 
in the manner already described, and evaluating the 
result at E=0, we obtain 


r= vera] f ixUUs- f duo) (43) 
z 0 


which may be re-expressed in terms of the shape- 
dependent parameter P, using Eq. (20): 


T= —#(8P+4). (44) 


A simple calculation yields the value TI 2(rect.) 
= —0.0096, consistent with P(rect.) = —0.032 as given 
in Blatt-Jackson.? The expression 


é (x) = Tok‘, 


(45) 


where I is given by Eq. (40), is seen from Fig. 2 to be 
accurate within 10% for energies less than 50 Mev. 

We assume that Eq. (42) gives an equally adequate 
representation of the Gaussian, exponential, and Yukawa 
potentials. The corresponding ¢’(x) are also plotted 
in Fig. 2. We now compare this energy dependence 
with that determined by the FL fit for the 4Sp state, 
restricting our discussion to energies below 50 Mev. 
In this energy region p-p scattering is determined 
mostly by the 1S» state, although at the higher energies 
there is a small contribution coming from the *Po 
state. The uncertainty in the change in I over this 
range, AT’, arises mostly from the incomplete deter- 
mination of the contribution of the latter state. From 
the FL analysis, it is reasonable to assume that AT 
varies between zero and the change which FL obtain 
in their fit B. (Fit A seems to be eliminated by recent 
experimental data.) The corresponding condition on P 
is 


—0.0416< P< —0.0367. (46) 


This condition clearly eliminates the Yukawa, expon- 
ential, and Gaussian potentials. The square-well 
potential is still possible but only barely so. It is clear 
that it would be worthwhile to make a more thorough 
experimental investigation of this energy region. 

To demonstrate what information such research 
might yield, suppose that [' only changes by 20% in 
going from 0 to 50 Mev. Then 


—0.0416< P< —0.0402. (47) 


We shall now show that such a limitation on the per- 
mitted values of P would require the use of core-type 
potentials, as is already indicated by intermediate 
energy scattering experiments. We shall also see that 
the FL fit as given by Eq. (46) if applied rigorously 
would also require a core. As a first orientation, it may 
be noted that as P changes from positive to negative 

© The restriction (46) on P is of course much more severe than 
that imposed on the basis of low-energy (< 10 Mev) measurements 
alone, since the low-energy cross sections depend only weakly on 


this quantity. See J. M. Blatt and J. D. Jackson, Revs. Modern 
Phys. 22, 77 (1950). 
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Fic. 3. The dependence of the core height V; on the shape 
dependent parameter P for various core radii r-, using an exterior 
rectangular well [Eq. (47)] to achieve proper (zero) binding. 
Permissible core parameters must yield a value of P in the 
neighborhood of P= —0.04 (constant logarithmic derivative). 


values, the potential becomes progressively shorter 
tailed and less attractive at the origin. Since P for a 
rectangular well is —0.032, the requirement (47) as 
well as (46) of the FL fit suggests a core without 
adducing further evidence. 
Consider then the potential 
X< Xe 


Vi, 
V(x)=4—Vo, x<x<1 
o.oo ee 


(48) 


for which exact solutions may be obtained. The cal- 
culation, which is perfectly straightforward, will not be 
discussed except to observe that I’ in its dependence on 
energy is most easily found by using an obvious modi- 
fication of Eq. (13): 


U*(4)r (2) —u (%e)Ve 


¥ du\? MR? 
-f ie| (~) - (E+Vae| 
Ze dx h? 
i dU\? MR? 
ff(ty 4 
1 x h? 


where y.=[u—du/dx_], -;,, and the other symbols have 
their usual significance. In the limit of zero binding, V: 
is shown in Fig. 3 as a function of P for several values 


of x,. The value of the core radius r, changes by no more 
than +0.03 # for a given value of x,=1./R, so that each 





of the curves in Fig. 3 also represents a characteristic 
core size. The matching conditions at x= x, cannot be 
maintained for V;<~25 Mev; for large V; the curves 
approach asymptotic values of P. In the limit of small 
r, and large V;, this asymptotic value approaches 
P=-—0.032, i.e., a pure rectangular well. The effect 
upon the scattering of an increase in core size is evi- 
dently just the reverse of that produced by going to 
longer-tailed attractive wells, which implies the 
existence of many tail-core combinations for a given 
value of P. We note that, in order for Eq. (47) to hold 
r. is confined to the approximate region 


0.1 10-* cm<r,<0.4X 10-" cm, (49) 


for reasonably hard cores." This is to be compared 
with r.=0.5—0.6X10-" cm, the value used by 
Jastrow” in his phenomenological fit of p-p scattering, 
as well as by Lévy" in conjunction with a meson- 
theoretical potential. The small discrepancy is due to 
their use of a fairly long-tailed attractive well, which 
in our calculations has the effect of increasing somewhat 
the permissible core size. A numerical analysis making 
use of an exterior Yukawa well yields the approximate 
limiting value 


re-<0.7X10-" cm, Yukawa. (50) 


In summary, we have seen that the local energy 
independence of T in S-states is valid over an energy 
range corresponding to the shape-independent approxi- 
mation. The additional energy independence required 
by the FL analysis prohibits the use of simple two- 
parameter potentials except possibly the rectangular 
well, but does permit core-type configurations. Such 
potentials will yield the correct 'So phase shift up to 
energies of at least 50 to 60 Mev. It has been noted 
that there is still considerable freedom in the choice of 
potential. 1S» scattering to 50 Mev implies no restriction 
on the form of the attractive well, although once a well 
shape is chosen the core size is limited.“ A further 
(weak) restriction may be obtained by invoking charge 
independence in S-states,® which tends to exclude cores 
greater than ~0.3X10~" cm.!® Such small cores are 
not necessarily in conflict with meson theory.'® 

While all our examples have been concerned with 
static potentials, the methods may be easily extended 
to treat velocity-dependent forces. These can be recon- 
ciled with the FL analysis provided they are at most 
weakly energy dependent. Calculations, to be reported 


rect. 


1 A pathological case not included in this range consists of an 
infinitely strong repulsive core surrounded by a 6-function 
attractive shell. 

2 R. Jastrow, Phys. Rev. 81, 165 (1951). 

18M. Lévy, Phys. Rev. 88, 725 (1952). 

4 Tt proves possible to establish the necessity of a ia 
potential in S-states under some fairly general assumptions. The 
force characteristics thus deduced accurately confirm those ob- 
tained here. For a preliminary report, see R. B. Raphael, Phys. 
Rev. 99, 619(A) (1955). 

15 E. Salpeter, Phys. Rev. 91, 994 (1953). 
16K. A. Brueckner and K. M. Watson, Phys. Rev. 92, 1023 

1953). 
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more fully at a later date, reveal that such forces are 
capable of reducing ¢ [ Eq. (41) ] in S-states considerably 
below its corresponding static force value. We point 
out that the virtual excitation, in close collisions, of 
nucleonic isobaric states produces an S-state force 
having this behavior in the energy range considered 
above.!? 

The fit of the two-nucleon scattering data obtained 
from the constancy of I in all states is quantitative to 
energies as high as 200 Mev, so that the testing pro- 
cedures may be extended. Uncertainties in the FL 
analysis due to causes already mentioned will of course 
increase, so that limitations on the energy variation of 
I’ will become less severe. 

The methods we have presented are of course not 
restricted to S-states. The forces obtaining in higher 
angular momentum states with tensor interactions may 
be analyzed with the aid of the development in the 
Appendix. It is hoped that these methods may be of 
use in treating the consequences of specific models of 
the two-body force without the necessity of direct com- 
parison with experiment at a variety of energies. 
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APPENDIX 


We shall verify that Eq. (8) in the text is a stationary 
expression for the generalized logarithmic derivative 
I'(#) with respect to independent variations of y, V 
or their adjoints, subject only to the restriction 


(ry) (0)=0; ¥r)—-¥(), 


The stationary value is attained for functions y, ¥ 
satisfying Eqs. (1) and (2) in the text. Variation with 
respect to yt, Wt for example gives 


a r=R 0 ited 
Lim | f tor) — f auf roo] | 


r=0 


(Al) 


12, 


+ (ano (e+v— f (dr)by' (b— HW 
r>7 all space 


an f dol vite trv (A2) 


r=? 


17R, B. Raphael and J. Schwinger, Phys. Rev. 90, 373(A) 
(1953). 
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By virtue of the condition in Eq. (A1), the surface 
integrals on the left-hand side become 


fof] ; 
Or Ir=? 


hence the condition that I be stationary under this 
type of variation is expressed by the differential Eqs. 
(1) and (2) of the text and the requirement of Eq. (6). 

By insertion of the appropriate partial-wave expan- 
sions into the stationary expression Eq. (8), we may 
easily obtain the variational principles appropriate to 
the different scattering states, together with the dif- 
ferential equations obeyed by the radial functions in 
these states. For example, let us assume 


H’=—dF(r)+7G(r)Si2], 


where Sj. is the tensor operator 


(A3) 
Si2= (3/r") (o1- 1) (o2: 5) —o1° 02, (A4) 


\= MV 0/h’, and ¥ is the ratio of the tensor strength V; 
to the central strength Vo. We make use of 


TV singlet _ z L CLPL (cos6) Ut (r) ° 


with a similar expression for Weingiet; and, after per- 
forming the angular integrations, obtain the form of 
Eq. (8) appropriate to singlet states of scattering: 


UP (AT r1(*) 


z 


* L(L+1) 
- f ir| avsjary—| —|ve}. (A6) 
rL 


(AS) 


x 


9 


r 


L(L+1) 
ar (du ary BaF) ——- Ju 


r 


Equation (A6) is a stationary expression for I',,(#) 
when the radial functions uw ,, U, satisfy 


{ (P/dr?)+[R+AF (r)—L(L+1)/r?}} ur (r) =0, 
{ (2/dr)+[RP—L(L+1)/r} U(r) =0, 
and provided we make the identification 
Vyx(?x) =U (#1) [dU 1/dr =F. 


Thus, in singlet states, [ is a diagonal matrix with 
elements I';;. In virtue of the stationary property of 
Eq. (A6), expansion of the radial functions u;, Uy in 
the manner of.Eq. (16) of the text gives rise to the 
rigorous expression Eq. (10). 

Turning now to triplet states, we note that Ttriptet 
is in general not diagonal, owing to mixing of states 
induced by the tensor coupling. We may, however, go 
to a representation in which Itripjet is diagonal by taking 
linear combinations of states with the same parity. In 
this “eigenstate representation” the scattering matrix 
is diagonal. We follow Rohrlich and Eisenstein'® in 


18F, Rohrlich and J. Eisenstein, Phys. Rev. 75, 705 (1949), 
referred to as RE. 


(A7) 


(A8) 
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introducing the partial wave expansion 


W triplet = a cr" CoV a J ™+ cols J, +c W, m =} (A9) 


where 


ry ™=o@v,U;—ow, Wy 


re, ™= Oy, Vy® (A10) 


ry, ™=O0,U;%+OnW™, 


are a set of mutually orthogonal “parity” wave func- 
tions, the eigenfunctions of the tensor Hamiltonian. 
Here the ®’s are the orthonormal spin-angle vectors 
introduced by Corben and Schwinger,” while Uy, Vy, 
Wy, represent the comparison radial functions for the 
states L=J—1, J, J+1, respectively. An analogous 
expansion is introduced for the interaction wave 
function Wripier- The effect of Si. operating on ®, as 
given in RE, is 
J-1 
S}2.®uy= —2——®v y+ 
2J+1 


[JJ+1)} 


[y(J+1)}! J+2 
"alld 
2I+1 


Siow, = 


Sp®Pv, = 2@y,. 


We are now in a position to carry out the angular inte- 
grations in Eq. (8). The orthogonality of the wave 
functions, Eq. (A10), results in three separate ex- 
pressions corresponding to the eigenstates” (a, 6, y): 


CUPL (FIT vs (FQJOP+LW PFT ws(Fr) OO” 


2 ( J-1 5 
-{ ar|| (aus/ary— (enn beens us 
0 r = 


| (J+1)(J+2) 5; 
+| (aes/tn— (#4441 r)—--— ws 
J 
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r. 


il -{ ir|| av, ‘dry? 
py(@) 
J(J-1) 
: )ust}+| cav.vary 
U+1)(J+2) (an) 
e200 
> 


“ H. C. Corben and J. Schwinger, Phys. Rev. 58, 953 (1940). 

®In these expressions the superscripts designating the parity 
eigenstates are meant to apply to all the wave functions, loga- 
rithmic derivatives, and characteristic distances # occurring 
within the brackets. 


—2dgu(r)uswys 


(A12) 


ROBERT B. 


RAPHAEL 
[V2 (F)Pvs(Fs))” 
“ J(J+1) ®) 
+ ; ie (Gs/dr)- ( Ba 4a, ee] 
0 r 


J(J+1) (8) 
Ny 
fs) 


(A13) 


[4 (dV ,/dr)?— ( ke 
Here we use the notation of RE, 
J-1 
fa(r) =F (r)-2—G(r), 
2J+1 


LJ (J+1)}! 


gs(r)=6————G(r), 
+1 
J+2 
hy(r) =F (r)—2——_4G(r), 
2J+1 


Iy(r)=F(r)+2yG(r). 


Again we obtain the differential equations satisfied by 
the various radial functions in the form of conditions 
such that Eqs. (A12) and (A13) are stationary expres- 
sions for the I'’s. They are 


(Ste 0 uot 


dr’ 
=ALfa(r)us(r)+g7(r)ws(r)], 


i J+1)(J+2 
( ee 
r 


=A[gr(r)us(r)+hs(r)ws(r)], 


@ J(J+1) 
(—+"- “a )es (r)=N(r)vy(r). 
r r 


The corresponding comparison functions satisfy the 
set of Eqs. (A15) with \=0. Then by virtue of Eq. 
(Al), a variation of this type applied to Eq. (A12) 
results in 
UP (FD) vI(FA_+W LP (FT ws(Fz) 

= 20 (dU y /dr) — U sus rs ‘y(¥7) 


+2[ (dW y/dr)—WyTwys5W y(7,) (A16) 


for either of the mixtures (a,y). The variations of Uy, 


Wy, at r=fy are unrelated, and hence Eq. (A12) is 
indeed stationary provided we define 


d 
rel =vricra| (— Jus] ; 
dr ry 
Twy(Fy)=Wy *oa[(< -)wwste)| : 


(A17) 


/ 





NUCLEON SCATTERING AND FESHBACH-LOMON MODEL 


The stationary nature of Eq. (A13) follows analogously. 

It is a consequence of describing the scattering in 
terms of the eigenstates of the tensor Hamiltonian that 
the variations 6U;, Wy, are asymptotically related. 
Thus asymptotically, Uy, Wy are given by 


Us@~A y@{ sinfkr— (4/2) (J—1) 
$494 Yoosbus'”}, 
(A18) 
Wy O~Cy@ {sinTkr— (9/2) (J+1) 


+bwy*” |/cosbwy(}, 


We must choose 6vy%”=éw,@” in order to 
uniquely fix the pairs of linearly independent radial 
functions (uy,wy)*, (uz,ws)? so that the coupled wave 
mixture remains unchanged before and after the scat- 
tering. We may then define admixture parameters 
ny =—(Cy/As)™” giving the asymptotic mixing 
of the L=J+1 waves. Thus we have at large distances 
the relation 


6W yy @P (1) = gy @PEU TE (r), 1 oO, 


(A19) 


The reciprocal relationship between ny*, 977, which 
follows from the unitarity of the S-matrix and the 
reciprocity of scattering, may also be obtained from 
the variational principle of Eq. (A12) in a particularly 
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simple fashion. We introduce the scale transformation 
wy > pry en, 
Wy) > gy yer), 
Equation (A12) may then be written as 
[UsTust+n2W sTws)y ae =s—2bnstems. (A21) 


Variation with respect to ny yields, by virtue of the 
stationary property, 

n= by/[es—WP (rg) Twa (ra). (A22) 
Introducing Eq. (A22) into Eq. (A21), one obtains a 
quadratic equation in Wy’I'w,, whose solutions are the 
eigensolutions of the scattering problem. The well- 
known relation 


(A20) 


nes7=—1 (A23) 


then follows immediately from Eq. (A22). 
Finally, it may be noted that the D-wave admixture 
for the deuteron ground state may be written 


np’ = §/(1+$") 
[ee 
W ?(0/dE)T wy 
as follows from the stationary character of Eq. (A21). 


This then implies the more explicit expression (37) of 
the text. 


, E=—.6, (A24) 
r=F 
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Derivation of Low Scattering Formalism 


ABRAHAM KLEIN 
University of Pennsylvania, Philadelphia, Pennsylvania 
(Received January 23, 1956) 


The Yang-Feldman formalism is applied to the derivation of the transition amplitude for boson-fermion 
scattering in a form which makes evident its connection with a method of derivation suggested by Wick. 


OW’ has proposed a form of scattering theory which 

has proved extremely useful in the discussion of 
the consequences of causality for scattering.? Alter- 
native derivations have been given by Goldberger,’ 
Nambu,‘ Schweber,® and Wick,® the last of these only 
for the case of a fixed source. In this note we propose 
a concise derivation based upon the Yang-Feldman 
formalism’ which makes evident the relationship to 
the method of Wick and shows that the latter is 
applicable to the relativistic case. 


1 F, E. Low, Phys. Rev. 97, 1392 (1955). 

2See, for example, R. Oehme, Phys. Rev. 100, 1503 (1955), 
and M. L. Goldberger, Phys. Rev. 99, 979 (1955), from which the 
previous literature may be traced. 

3M. L. Goldberger, Phys. Rev. 97, 508 (1955). 

4Y. Nambu, Phys. Rev. 98, 803 (1955). 

5S. S. Schweber, Nuovo cimento 2, 397 (1955). 

6 G. C. Wick, Revs. Modern Phys. 24, 339 (1955). 

7C. N. Yang and D. Feldman, Phys. Rev. 79, 972 (1950); 
G. Kaillén, Arkiv Fysik 2, 371 (1951). 


We consider a system described by a Hamiltonian 
H= Aot+ Ai, (1) 


where Ho is a sum of Hamiltonians for noninteracting 
fields describing particles with their experimental 
masses and H, is their mutual interaction. We merely 
assume that H is expressed in terms of sets of canonical 
variables, which in the absence of interaction are the 
usual particle creation and annihilation operators, 
H=H[a'(t),a(t); bt(t),b(); ++ J. (2) 
Here, the set a‘(é), a(t) refer to the mesons, bt (¢), b(t), 
to the nucleons, etc., and we have suppressed the 
dependence on spatial or three-momentum coordinates. 
For simplicity of notation we work with neutral mesons. 
The field equations for the meson operators are 


id(t)=[a(t),H ]=6H/6a' (t) 


= wa(t)+6H,/da" (2), (3) 
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where w is the single meson energy operator. They can 
be integrated by the use of the Green’s function, 
G(t—?’): 


G(t—?) = — 10, (t—-L)e“iot9, 


6,.(t—¢)=1, i> 
=(), t<?, (5) 


which is the solution of the equations 
10/1G(t—t’) =wG (t—’)+-6(t—/’), (6) 
G(t—#’)=0, t<?’. (7) 
In terms of the incoming field a_.(), we have, for 


example, 


a(t) =a_2(t)+ J aG(t—t)j(t) 


=a.()-if dt’ expL—iw(t—?’)]j(), (8) 


with the definition 
j(t)=6H,/da" (?). (9) 
Specializing to time ‘=0, we can easily derive from 
Eq. (8) the expressions 
a(0)=a_.(0)—lim(e—0) 
X> .Lwt+H—E,—ie}jO)v,¥,!, 
= a_.(0)—lim(e—0) 
X> vA .+j(0)[w+£,—H—ie}, 


if we introduce a complete set of eigenstates, V,, of H 
and exhibit explicitly the time dependence of j(¢). 

Of special interest also is the connection between the 
outgoing field, a,., and the incoming one, a_.. From 
Eq. (8), for instance, we can derive the statements 


(10) 


a,..(0)=a_,,(0)—i f dt'ei*"’ j(t’) 
=a_,.(0)—2ni ¥ 6(w+H— Ep) j(0)Va¥n' 
=a_..(0)—2i U.Va j(O)8(w+E.—H). (11) 


Now the S-matrix element for the scattering of a 
meson with four-momentum g by a nucleon with four- 
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momentum #, spin a, resulting in the final state specified 
by q’, p’, o’, is 
(7',0’,0’| S|9,p,0) = (@(P',0’) 040 (q’)aw* (a) ¥(p,0)), 

= (VU (p',0') 240 (q/)Y— (g,p,0)), (12) 


where the W’s are eigenstates of H. By means of Eq. 
(11), the last form may be rewritten as follows: 


(q',0’,0’ | S|9,0,0)=5(p—p’)6(q—q’)d-, «’ 
—2nid (w’+E(p’) ba E(p) —w) (q',p’,o" | T| q;P,7), 


which expresses the conservation of energy, and wherein 
T may be rendered in the alternative forms 


(7',0',0"|T | 9,0,0) = (&(P',0’), 5 (a) ¥— (90,0) 
= (¥)(9',p',0"),7"(q)¥(p,0)). (14) 


The transition from the first form of Eq. (14) to a 
version equivalent to that suggested by Low is now 
quite immediate. We need merely note that as an 
immediate consequence of Eq. (10) and the Hermitian 
adjoint equation we can claim that 


V—) (9,p,0) = a_«' (q)¥ (p,0) 
=a! (q)¥(p,0)—lim(e0) 
X[H—w(q)—E(p)—ie}"j* (@)¥(p,0), 


(13) 


(15) 
and that 


a(q)¥ (p’,o’) = —lim(e0) 
X[H—E(p’)+w(q)—ie}"j(q)¥(p',0’). 
If follows that 


(q',0’,0" | T|9,~,0) 
= (¥(p’o’),C7(q’),a" (q) (p,0)) 
—lim(e0)(¥ (',0’), {7 @)LH—o(q@) 
— E(p)—ie}“j'(q)+7' (q@)LA+o(q) 
—E(p’)+ie}"j(q')}¥(p,0)). (17) 


It should be noted that, insofar as physically permissible 
values of w(q) are concerned, the limiting prescription 
in Eq. (16) which applies to the last term of Eq. (17) 
is irrelevant and any other will do. For application of 
causality, on the other hand, it appears to be decisive. 

From Eq. (17) one can pass immediately to the limit 
of a fixed-source theory. For the fully relativistic theory, 
the conservation of three-momentum remains to be 
extracted from the equation. Finally, the methods 
described above are easily extended to more complicated 
scattering and production processes. 


(16) 
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Interstitialcy Diffusion Mechanism in 
Silver Chloride 


Joun E. Hove 
Atomics International, Canoga Park, California 
(Received March 16, 1956) 


ECENT work by Compton! and Friauf? indicates 

the failure of the Einstein relation in the silver 
halides when the tracer diffusion constant is used. 
McCombie and Lidiard* show that this can be reason- 
ably well explainedJif the Ag+ migrates by the inter- 
stitialey mechanism (whereby the interstitial displaces 
a like lattice ion which then becomes an interstitial), 
although apparently contributions from noncollinear 
processes must be assumed. Since rather careful 
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Fic. 1. Energy contours for noncollinear interstitialcy migration 
in AgCl (rigid lattice). 


calculations of the activation energies for both a non- 
collinear and a collinear interstitialcy process have been 
carried out,‘ it appears worthwhile to present the results 
of the computation, especially in view of the above 
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interest. Unlike the simpler migration models, the saddle 
point for this mechanism is not known a@ priori since 
two ions are moving simultaneously. The general 
procedure followed in the computations was to fix the 
location of one ion and find the stable position of the 
other ion which minimized the total energy of the two 
ions. This was then done for several locations of the 
first ion. The activation energy is the difference between 
the energy of the complex in its highest activated state 
and in the initial state (assumed to be a silver ion in the 
center of the smallest lattice cube). As a silver ion 
moves from a cube center location to a silver-ion lattice 
site, it approaches most closely to the three chlorine 
ions, lying in a (111) plane, at one-third the total path 
length. The saddle point for the process may be ex- 
pected to occur when one silver ion is in this position of 
closest approach to the three chlorine ions and the other 
silver ion nearly so (in an adjacent cell, of course). Thus 
the relaxation of these six chlorine ions (three for each 
silver ion) will be the most significant contribution of 
lattice relaxation to the activation energy, and can be 
found by a comparatively simple calculation. The 
procedure followed, then, in the present computation 
was to obtain the energy contours, hence the activation 
energy, for a rigid lattice and then correct this by the 
amount of the relaxation energy discussed above. The 
interactions considered were the Coulomb energy (both 
due to the mutual interaction of the two moving posi- 
tive ions and the negative empty lattice site and to the 
rest of the lattice), the repulsive overlap and attractive 
van der Waals energies (using the semiempirical ex- 
pressions given by Mayer’) and the lattice polarization 
energy (using lattice polarizabilities, for the Ag* ion, 
the Cl- ion and the displacement, of 1.61 A®, 3.46 A’, 
and 1.98 A’ as computed from the dielectric constants). 
The contribution of long-range lattice polarization to the 
activation energy can be shown to be negligible, but 
the dipole moment induced on each of some thirteen 
nearest neighbors was computed for each configuration 
of the two interstitialcy ions. 

The energy contours were calculated in detail for the 
noncollinear case where the lattice ion moves into an 
adjacent cell having one edge in common with the 
original cell. These contours are shown in Fig. 1, where 
the coordinates £, and £, are normalized to the interionic 
spacing of 2.77 A, have a common origin at the lattice 
site of the ion to be displaced, and point normal to the 
(111) planes of the initial and the future interstitial 
cells. Then as the original interstitial moves toward the 
corner lattice site, its coordinate (£2) goes from 0.866 to 
zero. Each curve in Fig. 1 is thus the energy change of 
the system for a fixed interstitial position (&) as a 
function of the position of the erstwhile lattice ion 
(é:). The minimum in a given curve locates the stable 
position of the lattice ion and hence the total energy of 
the system for this interstitial site. Thus, for £2=0.577, 
the intestitial is closest to the three (111)-plane chlo- 
rine ions and the lattice ion is displaced to §,=0.346, 


915 
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not quite up to the plane of its three chlorine neighbors. 
If the interstitial is held at £2= 0.346, the system energy 
must be the same, when the lattice ion is at $;=0.577, 
as for the above case, but of course this is not a stable 
position of the lattice ion which would prefer to go all, 
or almost all, the way down to its new interstitial site. 
The saddle point for the process was taken to be 
£=0.577, £:=0.346, giving a preliminary activation 
energy (from Fig. 1) of 1.2 ev. The lattice relaxation 
reduces this by 0.4 ev, so that the final activation energy 
is 0.8 ev. For a collinear path the only major difference 
from the above noncollinear case lies in the mutual 
interaction of the two moving ions. For the above 
saddle point coordinates, this correction to the energy 
change was found to be (—0.82) ev for the collinear 
mechanism, indicating practically a zero “activation 
energy.” However, for the symmetrical case of £:= £2 
= 0.346, the energy difference from the conventional 
interstitial site was found to be (—0.17 ev), which 
would indicate that the stable interstitial state requires 
the two silver ions to form a dumbbell arrangement 
about a (111) plane containing all silver ions. Even if 
the errors of assumption are sufficient to invalidate this 
model, the activation energy for the collinear process 
will certainly be much less than that for the noncollinear. 
It should be mentioned that the activation energy for 
the process whereby the interstitial migrates through a 
cell face (where lattice distortion is very important) 
was also computed. Since its value was over 3 ev, this 
mechanism cannot compete with interstitialcy migra- 
tion. 

The writer is happy to acknowledge valuable discus- 
sions of these points with J. A. Krumhansl and D. R. 
Westervelt. 


1W. D. Compton, Phys. Rev. 101, 1209 (1956). 

?R. J. Friauf, Bull. Am. Phys. Soc. Ser. IT, 1, 145 (1956). 

3C. W. McCombie and A. B. Lidiard, Phys. Rev. 101, 1210 
(1956). 

‘These form a portion of the writer’s Ph.D. thesis, Cornell 
University, 1953 (unpublished). 

5 J. Mayer, J. Chem. Phys. 1, 330 (1933). 


New Materials for Magnetic Cooling and 
Thermometry below 1°K 


E. AMBLER AND R. P. Hupson 


National Bureau of Standards, Washington, D. C. 
(Received March 5, 1956) 


MAJOR drawback to the use of the familiar 

hydrated inorganic salts, e.g., the alums, for work 
in the temperature range below 1°K is their inherent 
instability, i.e., a tendency to lose part of their water 
of crystallization, with resultant modification of mag- 
netic properties. It also seems likely that the renowned 
discrepancies between absolute temperature deter- 
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minations with the same substance in different labora- 
tories! are in part due to such instability. 

Suggestions have recently been made that water-free 
paramagnetics such as ferric acetyl-acetonate? or 
certain inorganic oxides (e.g., AlyO3) containing para- 














i 
0.4 0.6 


T® 























Fic. 1. Entropy as a function of magnetic temperature for 
ammonium hexafluorochromite, (NH,);CrFs. The different 
symbols refer to data obtained on three successive days. 


magnetic impurities,?* might provide a satisfactory 
solution to the problem. The writers wish to draw 
attention to the possibilities of another class of sub- 
stance, v%z., paramagnetics of the (NH,)3FeF structure. 
A study of this group was initiated more than a year 
ago in this laboratory with some preliminary investi- 
gations into the properties of ammonium hexafluoro- 
chromite, (NH,)3CrF¢, but since it was found necessary 
to set this program aside temporarily it was thought 
worthwhile to publish the findings to date. 

Some exploratory paramagnetic resonance investi- 
gations on the powder‘ had indicated that the crystalline 
electric field splitting, 6, of the Cr*** ion in this salt is 
somewhat greater than in the chromic alums. Adiabatic 
demagnetizations from about 1.2°K in fields of up to 23 
kilogauss using a spherically-shaped powder-specimen 
yielded the results shown in Fig. 1. The entropy, S, 
was calculated on the assumption of an isotropic g-value 
equal to 2, the (small) corrections due to the effects of 
the crystalline electric field being crudely calculated 
through direct analogy with the behavior of the 
chromic alums.®:¢ 

In the region just below 1°K the points fit a curve 
given by (In4)—S/R=A(7*)~, where R is the gas 
constant and A =0.0232. From this, allowing 0.0030 for 
the dipole-dipole contribution’ to A, we derive the value 
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0.40 degree (0.28 cm~') for 6/k. With this value of 6 the 
salt should exhibit a maximum in the specific heat, C, 
in the region of 0.16°K while in the “high” temperature 
region, where C « T-*, C/R is about twice that of chrome 
alum. Since, moreover, the molar volume is some 2.5 
times smaller than that of chrome alum,’ the heat ca- 
pacity per unit volume (which is the important quantity 
from the more practical point of view) is 5 times greater. 

The theory of Hebb and Purcell* as developed for the 
alums when applied to this salt describes the observed 
behavior only approximately (as might be expected). 
The fit is good down to 7*=0.4°, below which the en- 
tropy falls off more and more rapidly than is predicted 
by the theory. It is interesting to note, however, that no 
maximum in the susceptibility was observed down to the 
lowest entropy obtained in these experiments (S/R 
=0.3). 

This work will be continued and extended to other 
members of the isomorphous series, e.g., (NH4)sFeFs, 
K;FeF¢, etc. The authors are indebted to Dr. L. S. 
Singer, then at the Naval Research Laboratory, for 
originally arousing their interest in the ammonium salt 
described above and for communicating his para- 
magnetic resonance results to them prior to publication. 


1 See, for rae} E. Ambler and R. P. Hudson, Repts. Progr. 
Phys. 18, 251 (195 
.G. Daunt ro W.L. Pillinger, Conférence de Physique des 
alee températures, Paris, September 2-8, 1955, Commun. No. 18 
(Suppl. au Bull. de L’L.I. F, p. 158). 
3C. V. Heer and C. J. Rauch, Commun. No. 25, p. 218 of 
reference 2. 

‘L. S. Singer (private communication). 

5 R. P. Hudson, Phys. Rev. 88, 570 (1952). 

6 J. M. Daniels and N. Kurti, Proc. Roy. Soc. (London) A221, 
243 (1954). 

7 The structure of this salt is described by R. W. C. Wyckoff, 
Crystal Structures (Interscience Publishers, Inc., New York, 1948), 
Chap. IX. The chromic ions are situated on a face-centered cubic 
lattice, a9==9.0 A. In the alums the magnetic ions are similarly 
placed, with ao= 12.2 A. The contribution to the entropy reduction 
due to dipole-dipole coupling is conveniently expressed in terms 
of a parameter 7 [see J. H. Van Vleck, J. Chem. Phys. 5, 320 
(1937), Eqs. (18), (20), and (35)]; we find r=0.05. The possi 
bility of a significant exchange interaction was discounted for the 
reason that the salt obeyed the simple Curie Law very closely in 
the liquid He region. 

8M. H. Hebb and E. M. Purcell, J. Chem. Phys. 5, 338 (1937). 


Ionospheric Effects Produced by 
Solar Flare Radiation 


VauGHN AGY 


National Bureau of Standards, Boulder, Colorado 
(Received February 8, 1956) 


ITH reference to a recent paper by Sedra and 
Hazzaa,' there is now overwhelming evidence 
that ultraviolet radiation from solar flares does not 
affect the ionic density of the Z and F1 layers to any 
marked extent except perhaps in extremely rare cases.” 
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The “‘ion cloud,” if such a term may be used, produced 
by the ultraviolet radiation from a solar flare extends 
over the entire sunlit hemisphere, and is at a height less 
than 100 km—not at 200 km as suggested by the 
authors. The 1929 Maris and Hulburt paper referred to 
was written at a time when the heights of the ionospheric 
layers, as well as their ion densities, were not regularly 
measured, and the solar flare effects on the ionosphere 
could only be guessed at. 

The authors’ illustration of a geomagnetic crochet is 
not typical. The interpretation of the ionospheric record 
shown in the paper is puzzling in that the “cloud” 
appearing at a virtual height of 200 km is either 
transparent (allowing reflections from the F2 layer to 
reach the receiver), or what is more likely, it is a 
sporadic £ cloud located off the zenith at a height of 
about 100 km giving a recorded slant range of 200 km. 
In either case, it is probably not possible to determine a 
critical frequency (or an ion density) for such a “cloud.” 

Although the paper deals with solar flare radiation, 
solar observational data are not given. So far as can be 
determined (it is not clear whether the times listed are 
local or Greenwich), no solar flares were observed any- 
where else on the dates and near the times listed. 
Further, no magnetic crochets (solar flare effects) are 
given in the IATME Bulletins’ for the dates and times 
listed. 

1R. N. Sedra and I. B. Hazzaa, Phys. Rev. 99, 1070 (1955). 

2 W. Dieminger and K. H. Geisweid, J. Atm. and Terrest. Phys. 
1, 42 (1951). 

3TATME Bulletin 12h, Geomagnetic Indices, K and C, 1953; 
IATME Bulletin 12i, Geomagnetic Indices, K and C, 1954. 


Paramagnetic Resonance in 
As-Doped Silicon 
A. Honic,* Ecole Normale Superiéure, Paris, France 
AND 


J. Comprisson, Commissariat a l’Energie Atomique, Saclay, France 
(Received March 12, 1956) 


XPERIMENTS involving long relaxation times in 
As-doped Si have been previously reported.! The 
experiments had been interpreted as suggesting a large 
spin polarization of the As donor nuclei. Further studies 
carried out on an equipment similar to the first, and 
on the same silicon sample containing 1.310!” As/cm', 
lead us to believe that most of the effects previously 
observed, as well as some new effects, can be more satis- 
factorily explained on the basis of a long electronic 
relaxation time and accompanying adiabatic rapid 
passage behavior. 
One way in which it was directly established that the 
16-second relaxation time, previously attributed to the 
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As nuclei, was of electronic origin, was as follows: the 
magnetic field was left at zero field for several minutes. 
It was then switched on to a value near the electronic 
resonance field, and subsequently swept through the 
resonance field. The signal observed was very small, 
since one had not allowed sufficient time (i.e., several 
electronic 7;’s) for the Boltzmann difference in popula- 
tion of the electron spin states to be established. It was 
possible to observe the growth of the Boltzmann popula- 
tion difference by looking at the amplitude of the 
resonance signal as a function of the time that the 
magnetic field was left on near the resonance field. 

This long relaxation time, very unusual for an elec- 
tronic time, is frequently encountered among nuclear 
spins. Hence, some of the fast-passage features of the 
resonance signal have been seen in nuclear resonance 
experiments.?* However, in the present case, the beha- 
vior is further complicated by the inhomogeneous 
broadening of the resonances, brought about by the 
magnetic Si” nuclei contained within the electron’s orbit 
and by the small amplitude magnetic field modulation at 
600 cycles, used for greater sensitivity. 

The intensity and form of the resonance signal, as 
well as the final state of the magnetization immediately 
after passage through resonance, depend on the value 
the sweep speed has in comparison with 7; and T>.5 This 
dependence arises as a consequence of the inhomo- 
geneous broadening of the resonances and the situation 
that even in the fast-passage case, the signal intensity 
at any point is made up largely of contributions from 
the wings of distant spin packets. One can either turn 
around by 180° the net magnetization M belonging to a 
particular spin packet by sweeping through the packet 
in a time short compared with 72, or reduce the M 
nearly to zero via the 7, relaxation if one sweeps 
through the packet in a time long compared with 7». 
After having been thus reduced near to zero, or turned 
180°, the M then recovers its original magnitude and 
and orientation via 7; relaxation. Thus, since the signal 
intensity at a point on the over-all resonance curve 
depends partly on the state of the magnetization of the 
packets behind it, and since the state of the magnetiza- 
tion of the packets depends on the rate at which they 
were swept through resonance and on the amount of 
time elapsed afterwards, we get a fairly complicated 
dependence of signal intensity on sweep rate. We will 
not discuss here all of the possible cases that can arise. 

The purpose of the present note is primarily to call 
attention to the unusually long electronic relaxation 
time. This and associated effects now explain most of 
the phenomena which previously were attributed to a 
very large nuclear polarization. 

We would like to thank several people for having 
made possible this work. The experiments were per- 
formed in the laboratory of Professor A. Kastler, whose 
kindness and help is greatly acknowledged. The support 
for the work came from the magnetic resonance group 
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of the Commissariat 4 |’Energie Atomique, headed by 
Dr. Abragam. Dr. Spondlin, of the laboratories of the 
Centre National de la Recherche Scientifique at 
Bellevue and Professor Freymann at the University of 
Rennes kindly made liquid helium available to us. We 
should like to thank Dr. A. Abragam and Professor C. 
H. Townes for many valuable discussions. One of the 
authors (A. H.) gratefully acknowledges support from 
the Alliance Francaise de New York, the French 
Government and the Fulbright Commission, for having 
made possible his stay in France. 

* Now at Syracuse University, Syracuse, New York. 
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Narrow Electron Spin Resonance in 
Charred Dextrose* 


Ricarpo C. Pastor,f Joun A. Wer1,t Tuomas H. Brown, 
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Frick Chemical Laboratory, Princeton University, 
Princeton, New Jersey 
(Received March 15, 1956) 


STRONG electron spin resonance, with full width 

at half-height of at most 1.1 gauss, was found for 
charcoal prepared in the following way: Anhydrous 
dextrose, charred preliminarily in air at approximately 
300°C, was heated at various higher temperatures in 
vacuum. A minimum in width, with the above value, 
was found for evacuated samples heated to 570°C and 
measured at room temperature. Samples of this type 
should be useful since they are more easily obtained 
than DPPH and have narrower, almost as intense 
(about 10” spins/cm*), resonances. 

The resonance, at g= 2.003, was studied at 9400 Mc 
sec! using a standard microwave spectrometer, with a 
723A/B klystron and a rectangular transmission cavity, 
and using a dc magnetic field modulated at 37 cps. 
The absorption signals were amplified and displayed on 
an oscilloscope. The narrowest widths were probably 
limited by the homogeneity of our magnetic field, even 
though samples in capillary tubes were used and gave 
widths at the minimum somewhat less than 1 gauss. 
The resonance was also observed at 51.7 Mc/sec, 
using a Hopkins oscillator,! with the dc magnetic field 
supplied by Helmholtz coils and modulated at 60 cps. 
The samples showed a minimum width of 1.1+0.1 
gauss occurring at 570+5°C. This width was not limited 
by field inhomogeneity, as indicated by the fact that 
n-picryl-9-aminocarbazy!? showed a width of about 0.63 
gauss. 
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The high-frequency widths obtained with evacuated 
samples, as a function of charring temperature, are 
shown in Fig. 1. The peak intensity rose from a signal- 
to-noise ratio of 10 at 300°C to 10*-104 at 570°C. At 
temperatures above the minimum, a broadening and 














Fic. 1. Width of electron spin resonance absorption (relative to 
DPPH width =2.70 gauss) vs temperature of charring. 


diminution of intensity were observed until the reso- 
nance was no longer observable at 780°C. Above 525°C, 
an increase in dielectric loss was observed. Some effects 
of evacuation on the resonance of low-temperature 
carbons have been independently observed.* 

The rate of attainment of the equilibrium value A, 
of the area under the absorption curve was studied for 
evacuated samples heated at 450°C and 550°C. The 
time required for the area to reach (1—e~")A, was 
found to be 2.2 hr for both temperatures. All evacuated 
samples were heated for at least 8 hr at the charring 
temperature. 

For samples charred in air and not evacuated, the 
magnetic absorption increased in intensity with tem- 
perature, as previously reported.‘:> The width of the 
absorption in this range, reported to be constant (8+2 
gauss) ,* was found to increase slightly with temperature. 
A typical set of results is included in Fig. 1. It was found 
that samples charred in air and then evacuated at room 
temperature gave narrow widths, equal to those of the 
vacuum-charred material. 

The effect of various gases on the evacuated samples 
was investigated. The possibility of such effects has 
been previously mentioned.** The samples were found 
to be sensitive to small amounts of O, and another 
paramagnetic gas, NO, but were unaffected by Ne and 
He. The width increases rapidly above an O2 (or NO) 
pressure of 0.1 mm Hg, becoming broader than 60 gauss 
for pressures above 100 mm. The peak intensity also 
decreases markedly. In order to reobtain the original 
width and peak intensity, it was necessary to evacuate 
the sample for 10 min at 25°C in the case of O2, and for 
30 min at 150°C in the case of NO. Adsorption isotherms 
have been determined and show (a) that carbon treated 
in this way has a large surface area (about 580 m? g~) 
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and (b) that O, is adsorbed at room temperature on 
only a small fraction (about 2%) of the available 
surface. More extensive results will be published else- 
where.® 

Measurements made on samples cooled to liquid 
nitrogen temperature showed no change in width, for 
both the vacuum-treated and for the O+-poisoned 
carbon. 

* This research has been supported by funds of the U. S. Atomic 
Energy Commission. 

+ U. S. Atomic Energy Commission Research Associate. 

t Corning Glassworks Postdoctorate Fellow. 
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Relativistic Corrections to the Cohesive 
Energies of the Alkali Metals* 


JosEpH CALLAWAY 
Department of Physics, University of Miami, Coral Gables, Florida 
(Received February 23, 1956) 


ECENT investigations! on the effect of relativistic 
corrections on electronic energy bands in solids 
have been almost entirely concerned with the spin- 
orbit coupling. The purpose of this note is to point out 
that there are other relativistic effects of the same order 
of magnitude which will affect the numerical values of 
the calculated effective mass and the calculated values 
of cohesive energies. 
The theory is based on the second approximation to 
the Dirac equation’: 


E-V\ Pp h? 
py-9-| (1 -—) —+V—- 


2mc? / 2m 4m??? 


VV-V 


h 
+ (ove) (1) 


4m?? 


In the case of a spherically symmetric potential, the 
last term on the right represents spin-orbit coupling. 
The other terms, [(E—V)/2mc* ](p?/2m) and (h?/4m?c*) 
XVV-V, may be, however, of the same order of magni- 
tude. They do not change the symmetry properties of 
the energy bands as predicted on the basis of spin-orbit 
coupling alone, but they may strongly affect numerical 
predictions of the theory. 
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We have examined the effect of the inclusion of these 
terms on the theory of the cohesion of the alkali metals. 
In the cellular approximation, the potential V in (1) 
is the ion core potential, and we consider the change in 
the ground-state energy Ep and in the reciprocal of the 
effective mass E,. We may treat the corrections in first- 
order perturbation theory to sufficient accuracy (the 
error may be as large as 6% for cesium), using ordinary 
nonrelativistic wave functions. Since the ground state is, 
to good approximation, a pure S-state, the change in the 
ground-state energy is 


(Ey—V)? # dVd 


AEy=— | ¥*{| ———_+—_ — — 
2me 4m?c? dr dr 


dr, (2) 


where y is the wave function for the ground state I). 
The change in the effective mass is a little more difficult 
to obtain. If we consider Bloch functions u,e'*'', uy 
satisfies 


wWvVV fh 


m 4m 4m?c 


—V\ Wk 
-[n-(1-< pace (3) 

2mc? / 2m 
where H is the Hamiltonian of (1). The correction terms 
transform as vectors. To find the energy to second order 


in k and first order in the relativistic corrections, we 
calculate 


E.= J e® ty* (7) He™® *ux(r)dr / f ux*uxndr. (4) 


For the alkalis, we may use Bardeen’s form’ of uy, ux 
=uo+ik-ru;, where “; vanishes on the surface of the 
atomic sphere. We find, using (3) 


hep? 
E.= Ey+—E2— 
2m 


E—V\hp 


exer] 


dr 
| abi( 1 _ 7 (ru) ) 


(Eo— ia RW? dVd 
+e f rf — — |(ru)r'dr, 
2mc "ae dr dr 


plus some terms which are negligibly small. Here Ey 
and £, have their nonrelativistic values. 

A detailed numerical analysis of these effects is being 
carried on by the author and Mr. V. Sirounian for the 
cases of potassium and cesium, using self-consistent 
field wave functions. Some of the essential features of 
the results, which will be published in detail at a later 
date, are as follows: The corrections yield an increased 
binding. This occurs because the probability that a 
valence electron will be found near the nucleus, is, 
on the average, greater in the solid than in the free 
atom, owing to the compression of the valence electron 


(5) 
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charge within the atomic sphere. ‘The effect is not 
negligible (order of 1 kcal/mole) in potassium, and may 
be quite large in cesium because of an expected 2 
dependence on atomic number. In cesium, one would 
expect an effect of the same order of magnitude as the 
entire cohesive energy. 
I am indebted to Dr. Morrel H. Cohen for valuable 
discussions. 
* Research supported by the Office of Naval Research. 
. J. Elliott, Phys. Rev. 96, 280 (1954); G. Dresselhaus, Phys. 
oes) 00, 580 (1955); R. H. Parmenter, Phys. Rev. 100, 573 
' 21. 1. Schiff, Quantum Mechanics (McGraw-Hill Book Com- 


pany, Inc., New York, 1955), second edition, p. 333. 
3 J. Bardeen, J. Chem. Phys. 6, 367 (1938). 
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Nuclear Spin Energy Transfer 
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(Received February 27, 1956) 


E offer several lines of evidence to suggest that 

just as distinguishable protons in a molecule 

may show discrete nuclear induction lines, they may 
also have their own characteristic time for return to the 
ground state from an excited spin state. This would lead 
to different optimum values of the rf field H;. We have 
observed such differences for protons in groups such as 
CH3;, CH2, CH, OH and others. Further, one frequently 
notes the appearance of more “wiggles” after one line 
has been traversed than for others of similar intensity 
and width. Thus, for example, a long spin-spin relaxa- 
tion time ¢ is indicated for the OH protons in some 
phenols. Since ¢2S¢;, one has an indication of a relatively 


























Fic. 1. The proton lines for the OH and CH; groups appear as 
expected when the field is increasing. For decreasing field the OH 
line is missing. The field H; is large and constant. 


long time ¢;. The nonidentity of ¢, for distinguishable 
protons in the same molecule leads to line intensities 
which are not proportional to their number. Inferences 
from such intensities must therefore be made with 
caution. 

For large values of H;, the relative intensities of 
multiple lines may depend on the direction of field 
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sweep. If H; has an appropriate value for methyl 
alcohol (CH;OH), one observes weak lines due succes- 
sively to OH and CH; protons as the large field Ho is 
linearly increased. When the sweep direction is reversed, 
the CH; line becomes more intense, but the OH line 
does not appear. This is shown in Fig. 1, in which the 
field sweep is reversed during the trace. One observes a 
gradual emergence of the OH line as the value of H, is 
reduced. At low H; values, the traces in the two sweep 
directions are essentially identical. Similar behavior has 
been observed for other molecules. 

The initial nonappearance of the OH line when 
another had first been traversed suggests transfer of 
spin energy between nuclei having nearly identical 
resonant field values. We suggest the I,-I, interaction! 
between protons 1 and 2 would be modulated at the 
Larmor frequency when resonant conditions are satis- 
fied for proton 1. This would tend toward equalization 
of the population of the spin levels of proton 2. At low 
H, values this effect would not be noticed. 

It is a pleasure to acknowledge helpful discussions 
with H. C. Torrey, R. Norberg, H. S. Gutowsky, and 
T. M. Sanders. Figure 1 was made by Fricis Dravnieks. 

* This research was supported in part by the United States Air 
Force through the Office of Scientific Research of the Air Research 
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(Received March 8, 1956) 


HE existence of antiprotons has recently been 
demonstrated at the Berkeley Bevatron by a 
counter experiment.' The antiprotons were found among 
the momentum-analyzed (1190 Mev/c) negative parti- 
cles emitted by a copper target bombarded by 6.2-Bev 
protons. Concurrently with the counter experiment, 
stacks of nuclear emulsions were exposed in the beam 
adjusted to accept 1090-Mev/c negative particles in an 
experiment designed to observe the properties of anti- 
protons when coming to rest. This required a 132-g/cm? 
copper absorber to slow down the antiprotons suffi- 
ciently to stop them in the emulsion stack. Only one 
antiproton was found? in stacks in which seven were 
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expected, assuming a geometric interaction cross sec- 
tion for antiprotons in copper. It has now been found® 
that the cross section in copper is about twice geometric, 
which explains this low yield. 

In view of this result a new irradiation was planned 
in which (1) no absorbing material preceded the stack, 
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Fic. 1. Plan of the irradiation. 


(2) the range of the antiprotons ended in the stack, and 
(3) antiprotons and mesons were easily distinguishable 
by grain density at the entrance of the stack. In order 
to achieve these three results it was necessary to select 
antiprotons of lower momentum, even if these should be 
admixed with a larger number of mw than at higher 
momenta. 

In the present experiment we exposed a stack in the 
same beam used previously, adjusted for a momentum 
of 700 Mev/c instead of 1090 Mev/c. Since the previous 
work? had indicated that the most troublesome back- 
ground was due to ordinary protons, the particles were 
also passed through a clearing magnetic field just prior 
to their entrance into the emulsion stacks. The clearing 
magnet (M,) had B=9900 gauss, circular pole faces 
of diameter 76 cm, and a gap of 18 cm, so particles 
scattered from the pole faces of the clearing magnet 
could be ignored on the basis of their large dip angle in 
the emulsions. With this arrangement we have achieved 
conditions in which the negative particles enter the 
emulsions at a well-defined angle, and extremely few 
positive particles enter the emulsions within the same 
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range of angles. For the first time we have obtained an 
exposure in which more antiprotons than protons enter 
the stacks with the proper entrance angles. Under these 
conditions it is relatively easy to find antiprotons in 
these stacks even though approximately 510° nega- 
tive # mesons at minimum ionization accompany one 
antiproton. The exposure arrangement is shown in 
Fig. 1. The beam collimation was such that at any given 
position at the leading edge of the stacks the angular 
half-width of the pion entrance angles is less than 1° 
both in dip and in the plane of the emulsions. This very 
small angular spread allowed us to apply strict angular 
criteria for picking up antiproton tracks, and thus 
helped to reduce confusing background tracks to a 
negligible level. The antiproton tracks were picked up 
at the leading edge of the emulsions on the basis of a 
grain count (~twice minimum) and angular criteria 
(angle between track and average direction of pions 
less than 5°) and were then followed along the track. 

A number of antiproton stars have been observed 
in these nuclear emulsions.‘ The one we will describe 
here was found in Berkeley and is of particular interest 
since it is the first example of a particle of protonic mass 
(m/M,=1.013+0.034) which on coming to rest gave 
rise to a star with a visible energy release greater than 
M,¢*. This example thus constitutes a proof that the 
particles here observed undergo an annihilation process 
with a nucleon, a necessary requirement for Dirac’s 
antiproton. 

Description of the Event.—The particle marked P- 
in Fig. 2 entered the emulsion stack at an angle of less 
than 1° from the direction defined by the s~ mesons in 
the beam. It came to rest in the stack and produced an 
8-prong star. Its total range was R=12.13+0.14 cm. 
Table I gives the results of three independent mass 


TABLE I. Mass measurements. 








Residual range 
cm of emulsion 


2, 5.5, and 12 
0-1 


Mass M/M, 


0.97 +0.10 
0.93 +0.14 


Method 





Ionization-range 
Scattering—range 
(constant sagitta) 
Momentum-range 12.13+-0.12 
(air and helium 


equivalent) 


1.025+0.037 


Weighted mean 1.0130.034 








measurements on the incoming particle. The first two 
methods listed in Table I use measurements made 
entirely in the emulsion stack. The third combines the 
range, as measured in the stack, with the momentum 
as determined by magnetic field measurements. For the 
position and entrance angle of this particle into the 
stack the momentum is p~=696 Mev/c with an esti- 
mated 2% error. All three methods are in good agree- 
ment and give a mass of m=1.013+0.034 in proton 
mass units. 
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Of the particles forming the star, five came to rest in 
the emulsion stack, two left the stack (tracks numbered 
4 and 8), and one disappeared in flight (track number 3). 
The tracks numbered 1, 4, and 6 in Fig. 2 were caused by 
heavy particles. Particle 4 was near the end of its range 
(R:es=2 mm) when it left the stack. Tracks 1 and 4 
are probably due to protons and track 6 to a triton. 
However, owing to the large dip angles the assignments 
for tracks 1, 4, and 6 are not certain. Track 2 has the 
characteristics of a r meson and on coming to rest gives 
a 2-prong ¢ star. It is thus a negative x meson. Particle 
5 came to rest and gave the typical w-u-e decay, and 
was thus a positive meson. From the measured range 
its energy would have been 18 Mev; however, after 


Fic. 2. Reproduction of the P~ star. The description of the 
prongs is given in Table II. The star was observed by A. G. 
Ekspong and the photomicrograph was made by D. H. Kouns. 


0.22 mm it underwent a 22° scattering that appears to 
be inelastic. The initial energy as estimated from the 
grain density change was 30+6 Mev. Track 7 is very 
steep (dip angle=83.5°). The particle came to rest as a 
typical light p meson after traversing 30 emulsions. At 
the end of the track there isa blob and possibly an 
associated slow electron. The most probable assignment 
is a negative meson, although a negative u meson 
cannot be ruled out. 

In addition to the three stopping 7 mesons there are 
two other tracks which we know were caused by light 
particles, presumably w mesons. Track 8 had pB=190 
+30 Mev/c and g/go=1.10+-0.04, which is consistent 
with a x meson of 125+25 Mev energy, but is not con- 
sistent with a much heavier particle. After 16 mm it 
shows a 17° scattering with no detectable change in 
energy. Track 3 is very steep (dip angle=73.5°) and 
its ionization is about minimum. The particle traversed 
81 plates and disappeared in flight after an observed 
range of 50 mm. The $f has been determined by a new 
modification of the multiple scattering technique to be 
250+45 Mev/c. The new method, which is applicable 
to steep tracks, is based on measurements of the co- 
ordinates of the exit point of the track in each emulsion 
with reference to a well-aligned millimeter grid® printed 
on each pellicle in the stack. A detailed description of 
this method will be given in a subsequent paper. 
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TABLE II. Measurements and data on the eight prongs of the P~ star shown in Fig. 2. 








Number 
of plates 
traversed 


Dip Projected 


angle 


Range 
mm angle 


Total 
Exin energy 
Identity Mev Mev 


PB Ionization 
Mev/c &/g0 





0.59 2 —56.5° 103° 
11 +6.5° 61.5° 
81 14.5° 
16 318.5° 
3 305.5° 
15 ] 281° 
30 , 255° 
16 163° 


250+45 


p(?) 10 18 

r 43 183 

w(?) 174440 314+40 

p(?) 70+5 78+5 
* 30+6 170+6 


1.10++0.04 


rT 
T(?) 82 98 


™ 34 174 

1(?) 125+25 265425 
Total visible energy*: 1300-+50 Mev 
For momentum balance: >100 Mev 


Total energy release: > 1400+50 Mev 








® To obtain the minimum possible value of the visible energy release, still consistent with our observations, one has to make the very unlikely assump- 


tions about the identity of tracks 3, 6, 


7, and 8: that tracks 3 and 8 are due to electrons, track 6 to a proton, and track 7 to a w~ meson, The total visible 


energy release in this case becomes 1084+55 Mev. To this must be added at least 50 Mev to balance momentum, bringing the total energy release to 


>1134455 Mev. 


The observations do not allow us to rule out the 
possibility that tracks 3 and 8 are due to electrons. It is, 
however, very unlikely that a fast electron could travel 
50 mm (1.7 radiation lengths) in the emulsion (as does 
track 3) without a great loss of energy due to brems- 
strahlung. The energy (particle 3) deduced from the 
measured ~8(E=250 Mev) must be considered a lower 
limit. 

In Table II, the pertinent data on the eight prongs are 
summarized. The last column gives the total visible 
energy per particle (Exin+8-Mev binding energy 
per nucleon, or Exin+140-Mev rest energy per 7 
meson) for the most probabie assignments as dis- 
cussed above. The total visible energy is 1300-50 Mev, 
and the momentum unbalance is 750 Mev/c. To bal- 
ance momentum, an energy of at least 100 Mev is 
required in neutral particles (i.e., about 5 neutrons with 
parallel and equal momenta), which brings the lower 
limit for the observed energy release to 1400-50 Mev. 

However, as some of the identity assignments to the 
star prongs are not certain, we have also computed the 
energy release for the extreme and very unlikely as- 
signments, given at the foot of Table II, which are 
chosen to give the minimum energy release. In this 
case the total visible energy is 1084+55 Mev and the 
resultant momentum is 380 Mev/c, which to be bal- 
anced requires at least 50 Mev in neutral particles (three 
or four neutrons). In this unrealistic case the lower limit 
for the observed energy release is 1134+55 Mev, 
which still exceeds the rest energy of the incoming 
particle by about three standard deviations. 

We conclude that the observations made on this 
reaction constitute a conclusive proof that we are deal- 
ing with the antiparticle of the proton. 

A second important observation is the high multi- 
plicity of charged + mesons (one a+, two a, and two 
# mesons with unknown charge). The fact that so many 
m mesons escaped from the nucleus where the anni- 
hilation took place, together with the low number of 
heavy particles emitted (three), may indicate that the 
struck nucleus was one of the light nuclei of the emul- 


sion (C, N, O). Two of the outgoing heavy prongs 
carried rather high energies (70 Mev for the proton, 
82 Mev for the triton), and they may have resulted 
from the reabsorption of another two 7 mesons. 

We are greatly indebted to the Bevatron crew for 
their assistence in carrying out the exposure. We also 
wish to thank Mr. J. E. Lannutti for help with measure- 
ments and the analysis of the event. 

* This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 
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5 Goldhaber, Goldsack, and Lannutti, University of California 
Radiation Laboratory Report UCRL-2928 (unpublished). 


Lowest States of Particle Excitation in 


Even-Even Nuclei 


R. THIEBERGER AND I. TALMI 
Department of Physics, The Weizmann Institute of Science, 
Rehovoth, Israel 
(Received March 7, 1956) 


NERGIES of first excited states in even-even 
nuclei plotted versus the neutron number lie on 

a rather smooth curve.'! There are peaks at magic 
numbers and dips between them; in some of the valleys 
rotational levels occur, presumably of collective motion. 
At or near peaks there is evidence for the shell model 
interpretation of these J=2 states as due to particle 
excitation. This approach is particularly simple when- 
ever there are only two nucleons outside (or missing 
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from) closed shells. In such a case it is possible to 
calculate the energy of the first excited state, provided 
some assumption on the nuclear forces and the radial 
wave functions is made. In the following we use 
harmonic oscillator wave functions and for simplicity 
choose the same value of the force constant throughout. 
We then try to see whether the 0—2 energy separation 
in all these cases can be obtained from the same charge- 
symmetric interaction with some form of the two-body 
potential. 

We make the simplifying assumption of pure jj- 
coupling configurations (i.e., we neglect deviations from 
jj-coupling or any other configuration interaction). In 
some nuclei the configuration is uniquely assigned by 
the shell model. In the other cases we considered the 
few alternative configurations according to the shell 
model ; from these we chose the one for which the result 
agrees with the definite cases. Supporting evidence for 
our assignments is found in the spins of neighboring 
odd-even nuclei. For example, such evidence shows that 
beyond 50 the protons fill the g72 shell whereas the 
neutrons fill the ds/2 shell; this agrees with our results 
for Ba'* and Zr®. Our results indicate also a different 
order of filling for protons and neutrons beyond 28. 
This might be due to eight /7;2 protons which strongly 
interact with fs. neutrons in Ni®*, whereas in Zn 
there are also four p32 neutrons.?* 

The nuclei treated are listed in column 1 of Table I. 
Configuration assignments are given in column 2. In 
column 3 the experimental energies (in Mev) of the 
first excited states are given.‘ In proton configurations 
there is an additional contribution of the Coulomb 
forces. This should be removed as we are interested 
only in the nuclear interaction. To do this we took the 
value of the energy parameter of the harmonic oscil- 
lator model to be e*(v/x)!=300 kev which is reasonable 
for light nuclei.’ Changes of even 50 kev will change 
the results insignificantly as the electrostatic contri- 
bution is small compared to the actual energies. This 
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is clearly demonstrated in column 4 where the given 
data include the Coulomb correction. 

Better agreement could be obtained by taking differ- 
ent values of v for protons and neutrons. Even the same 
v will yield different charge and mass distributions 
because of the different proton and neutron occupation 
numbers in heavier nuclei. Having a bigger v, further 
decreases the charge radius. A ratio (vp/vn)!=1.07 
gives good results and was kept throughout. For a 
certain interaction, several values of rov? were examined 
(ro is the range of the forces). For each rov! a least 
squares fit was done to give the best value of the 
potential depth V. As the agreement for A** (and S*) 
was not good, they were excluded from the least squares 
fit. The approximate nature of our assumptions is seen 
from Ti® and Fe™ (also from Ni®* and Ni®*). Although 
they are assigned complementary configurations, the 
energies are different. The final results show these 
differences to be quite regular: The first excited level 
for two nucleons is higher whereas for two holes is lower 
than the calculated values. Such differences limit the 
accuracy of our procedure. 

With pure Wigner force very good agreement was 
obtained both for a Gaussian (column 5) and a Yukawa 
potential (column 6). Including Majorana force (the 
only independent central exchange interaction for 
identical nucleons), whose strength was treated as an 
additional parameter, did not make an improvement. 
For the best fit, the Majorana force strength was around 
3% of that of the Wigner force. Moreover, the 
Serber interaction, (1+ P:)V(r), for example, gave 
definitely worse agreement. This is rather unsatisfactory 
as considerable Majorana interaction is required for 
saturation. However, the situation is changed if tensor 
forces are also included. In a two-nucleon configuration, 
the tensor interaction has nonvanishing matrix elements 
only between triplet states; in these states, for identical 
nucleons, L is always odd. Thus the tensor interaction 
has effectively a factor 1—P, and might cancel the 


Taste I. Comparison of experimental and calculated energy values (in Mev) of first excited states of some even-even nuclei. 
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TABLE II. Relation between the parameter rov? 
and the corresponding V for Wigner forces. 








Yukawa potential 


0.6370 0.5439 0.5051 0.4159 
29.8 38.0 42.7 58.6 


1.88 1.61 1.49 1,23 


Gaussian potential 


rovp? 0.6778 0.5942 0.4753 0.3962 
V(Mev) 41.0 46.7 63.6 87.7 


ro 
(10-% cm) 2.01 1.17 





1.76 1.41 








contribution of Majorana forces. By adding tensor 
forces’* having the same Yukawa potential to the 
Serber mixture and taking into account the increased 
number of parameters, a much better agreement is 
obtained (results when known are presented in column 
7). By using better values for the various ranges, the 
agreement could probably be improved. 

The agreement is obtained for a rather wide range of 
rev. The relation between this parameter and the 
corresponding V is given, for Wigner forces, in Table II. 
The mean square deviation for all values listed is within 
30% of the minimum value. To adjust the Pb” 
charge radius to 1.0X A"*X10-" cm, we take v=0.114 
X10 cm [e?(v/r)'=275 kev]; the ro values given 
are obtained from this v. The values of ro and V are 
fairly close to those derived from low-energy p-p and 
n-p scattering.’ It should be mentioned that p and 
higher-angular-momentum states of relative motion 
contribute considerably to the calculated results; this 
is manifested by the different results obtained with 
Wigner and Majorana forces. 

No determination of the nuclear interaction is at- 
tempted here. Nevertheless, it is interesting to see the 
fair agreement obtained with the shell model calcu- 
lations over a wide range of mass numbers, despite the 
crude assumptions and small number of parameters. 

We would like to thank Dr. A. de-Shalit for helpful 
discussions. 

1G. Scharff-Goldhaber, Phys. Rev. 90, 587 (1953). 

2 A. de-Shalit and M. Goldhaber, Phys. Rev. 92, 1211 (1953). 

3N. Zeldes, J. Nuclear Phys. (to be published). 

4 Most of the data were communicated to us by G. Scharff-Gold- 
haber, to whom we would like to express our thanks. 

* B. C. Carlson and I. Talmi, Phys. Rev. 96, 436 (1954). 

6M. H. Johnson and E. Teller, Phys. Rev. 93, 357 (1954). 

7I. Talmi, Phys. Rev. 89, 1065 (1953). 

8S. Eckstein, M.Sc. thesis, Jerusalem, 1955 (unpublished). 


®R. G. Sachs, Nuclear Theory (Addison-Wesley Press, Cam- 
bridge, 1953), pp. 34 and 153. 


Polarization of Bremsstrahlen* 


Joun M. Dub Ley, FRED W. INMAN, AND RoBERT W. KENNEY 
Radiation Laboratory, University of California, 
Berkeley, California 
(Received March 5, 1956) 


ECENT work on the state of polarization of 
bremsstrahlung beams has been reported by 
several authors’; the results of each paper are some- 
what at variance with the others and with the theory.*-7 
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We have attempted to investigate this polarization 
effect, both because of interest in the phenomenon and 
because of possible application. In practically all the 
experiments on nuclear reactions an average has been 
taken over the possible states of polarization of the 
incident photons. It is apparent that if one were able 
to use polarized photons, additional information could 
be obtained. 

In this work, the fractional polarization observed at 
angle @ in the laboratory system is defined by 


doy (0,E,k) PH dou (0,E,k) 
~ doy (0,E,k)+dou(0,E,k). 





P(0,E,R) 


where do,(0,E,k) is the bremsstrahlung cross section 
per unit solid angle with the following parameters: The 
incident electron has energy E; the energy of the 
emergent photon is in a band (defined below) about &; 
and the electric vector is perpendicular to the plane 
containing the paths of the electron and the photon. 
Let do,,(0,E,k) be similarly defined for a photon with 
its electric vector paralle! to the plane. The angle 6 
is shown in Fig. 1. Note that the value of polarization 
does not depend upon the azimuthal angle about the 
center of the bremsstrahlung beam, but the significance 
of do, and do,, does. 

For the case in which the electron is relativistic both 
before and after the collision, the bremsstrahlen electric 
vectors are predicted to be predominantly in the 
angular range labeled “|.” in Fig. 1. The calculations 
indicate that nearly the entire energy spectrum is 
partially polarized over a relatively large range of 6 in 
the beam; however, the polarization is predicted to be 





PLANE OF 


RADIATOR EMULSIONS 


Fic. 1. Geometry of bremsstrahlung event and deuterium 
photoproton tracks. The intersection of the plane of emulsions, 
which is perpendicular to the path of the incident electron, with 
the plane of emission (O’RO) is along (OO’). The quadrants 
(AOB) in the plane of emulsions are centered on the two mutually 
perpendicular directions “1.” and “||.” RO’ is the extended path 
of the incident electron. 
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rather sharply peaked about an angle 6) such that 
sin 0c5+0c>mc*/E for all energies in the bremsstrahlung 
spectrum. The peak is broadened and displaced to 
larger values of @ by multiple scattering of the electrons 
in the radiator. 

Three earlier experiments, attempting to verify the 
theory in the energy region of interest to us, have been 
published. All used deuterium photodisintegration 
detection in one form or another, and all used betatrons 
as sources of photons. Phillips‘ obtained results that 
indicated a second direction of prominent polarization 
as well as that predicted by the theory; Muirhead and 
Mather® observed no polarization; Tzara® reports 
observing a polarization in excess of 50% (under the 
definition above). Motz’ has very recently reported an 
experiment verifying polarization in a lower energy 
region. 

It is evident that if the polarization is to be detected, 
or if this property of the bremsstrahlung beam is to be 
used, the incident electrons must be very well col- 
limated, and the possibility of multiple scattering in 
the target must be sharply restricted. The first require- 
ment was met by the use of the 35-Mev electron linear 
accelerator at Stanford University. The second require- 
ment was met by the use of a very thin radiator of low 
atomic number (described below). 

24-Mev electrons emergent from the linear accelerator 
traveled down an evacuated tube and struck a 1-mil 
aluminum radiator in which the bremsstrahlen were 
produced. The electrons that passed through the 
radiator were then deflected by a magnetic field in the 
evacuated region and caught in a thick carbon beam 
stopper. The latter was heavily shielded with iron and 
paraffin. The bremsstrahlen emerged from the evacu- 
ated system through an aluminum window and a thin 
lead filter (which was introduced to reduce low-energy 
background), and passed through the intervening air 
to the detector. A portion of the deflecting field for the 
main beam of electrons was used to remove secondary 
electrons produced in the window and filter. 

The detector was constructed as follows: six 200u 
Ilford C.2 emulsions on 1-by-3-inch glass supports were 
arranged side by side to form a 3-by-6-inch rectangle. 
A second set of six plates was arranged identically. A 
double-decker sandwich of three thin stainless steel] 
foils and these two sets of plates was mounted per- 
pendicular to the axis of the beam of photons, with the 
emulsion side of each set of plates faced toward the 
radiator. The set of six plates that was to be nearer the 
radiator was soaked for several hours prior to exposure 
in D,O; the set directly behind it in the sandwich was 
similarly loaded with H,O. During exposure, the plates 
in both sections of the plate holder were kept wet. The 
entire plate holder was cooled with ice water during 
exposure, to reduce fading and to preserve the emulsion. 

Detection was by means of the electric dipole photo- 
disintegration of the deuterons in the heavy-water- 
loaded plates. The maximum of the cross section for 
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this process occurs for incident photons of roughly 5 
Mev, at and above which energy the magnetic dipole 
photodisintegration cross section is small. The useful 
proton tracks in the heavy-water-loaded plates were 
found to have ranges corresponding to photon energies 
between 4 and 8 Mev. The ordinary-water-loaded plates 
were exposed simultaneously in order to evaluate the 
background of protons due to all other effects. The 5% 
background they indicated has been subtracted from 
the results we quote below. 

Pending further scanning and improvement of 
statistics, we report values of P(@), for E= 24 Mev and 
k=4 to 8 Mev, calculated from total photoproton 
track counts in the quadrants centered on the directions 
1 and || in Fig. 1. On the basis of 922 tracks, we find 


P (69) =0.242+0.081 (from 396 tracks), 
P(1.6 69) =0.157+0.095 (from 260 tracks), 
P(2.5 60) =0.12340.102 (from 255 tracks). 


The errors quoted are standard deviations. 

We wish to thank the members of the Hansen High- 
Energy Physics Laboratory at Stanford University, 
particularly Dr. W. C. Barber, for the use of and help 
with the accelerator, and Dr. Walter H. Barkas and 
Dr. A. C. Helmholz of this laboratory for helpful 
guidance. 


* This work was done under the auspices of the U. S. Atomic 
Energy Commission. 

1K. Phillips, Phil. Mag. 44, 169 (1953). 
( J ae Muirhead and K. B. Mather, Australian J. Phys. 7, 527 

1954), 

* Christophe Tzara, Compt. rend. 239, 44 (1954). 

4J. W. Motz, Bull. Am. Phys. Soc. Ser. IT, 1, 10 (1956). 

5M. May and G. C. Wick, Phys. Rev. 81, 628 (1951); Michael 
M. May, Phys. Rev. 84, 256 (1951). 

* Gluckstern, Hull, and Breit, Phys. Rev. 90, 1026 (1953); R. L. 
Gluckstern and M. H. Hull, Jr., Phys. Rev. 90, 1030 (1953). 

7 Robert Karplus and Alfred Reifman, University of California 
Radiation Laboratory Report, UCRL-2686, 1954 (unpublished). 


Long-Lived Lead-205+ 


J. R. Huizenca anv J. WING 


Argonne National Laboratory, Lemont, Illinois 
(Received March 15, 1956) 


EVERAL investigators’ have placed limits on the 
Pb*® half-life. Measured lower limits on the K- 
electron capture half-life of Pb”® indicate that if this 
were the major mode of decay one would expect Pb” 
in natural lead.‘ From the absence of Pb”® in nature one 
concludes that it must decay by capture of L- or higher 
shell electrons. 
In view of the possibility that extremely old lead ores 
contain detectable quantities of radiogenic ‘Tl and the 
interesting application of such measurements® to the 
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Fic. 1. The circles (0) 
give the gamma spec- 
trum associated with 
the decay of Pb™® (1.8 
counts/minute). The 
smooth curve drawn 
through the crosses (* ) 
is the /—x-ray spectrum 
of lead measured from a 
mixture of  electron- 
capturing bismuth iso- 
topes. 
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time interval between the formation of the elements 
and the deposition of ores, we have continued to search 
for Pb. The present note describes experiments in 
which 1.8 counts/min of 11-kev gamma activity is 
interpreted as thallium L—x-rays associated with the 
L-electron capture of Pb”®. 

Normal lead was bombarded with 1500 ua hr of 21- 
Mev deuterons in the Argonne cyclotron. The bismuth 
activities were chemically separated® and absorbed on 
a Dowex anion resin column. Lead was eluted from the 
column with 0.1N HCl many times during the first 
three days.® After a growth period [Bi (14-day)— 
Pb* by electron capture | of two weeks the lead was 
again eluted, given further chemical purification and 
mounted for counting. Pb”, decay product of the Bi? 
on the column, served as a chemical tracer, and was 
given time to decay before the Pb*® counting began. 
The Pb radiations were examined with a gamma 
scintillation spectrometer employing an §-inch sodium 
iodide crystal with a beryllium window. The results are 
shown in Fig. 1. 

Assuming the yield ratio of Bi?®/Bi*®* is proportional 
to the Pb**/Pb™ isotopic ratio in normal lead [the 
Pb**(d,n) Bi cross section is small compared to the 
Pb**(d,3m) Bi cross section and from threshold calcu- 
lations it seems reasonable to assume that the 
Pb”? (d,4n) Bi cross section is negligible ], we calculate 
that the L-electron capture half-life of Pb”® is approxi- 
mately 5X 10" years. 

We also examined in the /—x-ray energy region a 
lead sample’ enriched in Pb™ which had been neutron 
irradiated in the Materials Testing Reactor and chemi- 
cally purified by the authors of reference 2. L—x-rays 
were also observed in this sample. With the aid of the 
above half-life and the intensity of the Z—x-rays in the 
neutron-irradiated lead sample, the calculated neutron 
capture cross section of Pb agrees, within our experi- 
mental errors, with the pile oscillator measurement of 
Pomerance.*® 

We wish to thank D. W. Engelkemeir for the use of 
his scintillation spectrometer and many helpful sug- 
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gestions. We also are indebted to W. J. Ramler and 
J. P. FitzPatrick for the cyclotron bombardments and 
preparation of the lead targets. 


t Based on work performed under the auspices of the U. S. 
Atomic Energy Commission. 

1 J. R. Huizenga and C. M. Stevens, Phys. Rev. 96, 548 (1954). 
ure Herber, Bennett, and Coryell, Phys. Rev. 95, 298(A) 


3P. F. Shaw and J. R. Prescott, Proc. Phys. Soc. (London) 
A67, 283 (1954). 

‘ Herber, Sugihara, Coryell, and Huizenga (to be published). 

5 See, for example, the review by T. P. Kohman, Ann. N. Y. 
Acad. Sci. (to be published). 

6 Huizenga, Krohn, and Raboy, Bull. Am. Phys. Soc. Ser. IT, 
1, 43 (1956); Phys. Rev. (to be published). 

™Sample was sent to Argonne National Laboratory by T. P. 
Kohman. 

8H. Pomerance, Phys. Rev. 88, 412 (1952). 


Mean Lifetime of Negative K-Mesons* 


Epwin L. Itorr, Gerson GOLDHABER, SULAMITH GOLDHABER, 
AND JOsEPH E. LANNuTTI, Radiation Laboratory and 
Department of Physics, University of California 
Berkeley, California, 
F. CHARLES GILBERT, CHARLES E. V10LET, AND 
R. STEPHEN WuiTE, Radiation Laboratory, 
University of California, Berkeley and Livermore, 
California, 
D. M. Fournet, A. PEvsNER, AND D. Ritson, 
Physics Department, Massachusetts Institute of 
Technology, Cambridge, Massachusetts, 


AND 


M. Wiwcorr, Physics Department, Harvard University, 
Cambridge, Massachusetts 


(Received March 5, 1956) 


MEAN lifetime for K~-mesons has been deter- 
mined by the method previously used! for the 
K+-meson lifetime. Stacks of stripped 600u Ilford G.5 
nuclear emulsions were exposed to the focused K~- 
meson beam* of the Bevatron so that the particles 
entered parallel to the emulsion layers. The mesons 
were produced by 6.2-Bev protons on a copper target 
and emerged at 90° to the proton beam. A bending 
magnet was used for momentum selection of the 
particles. Particles of momenta from 285 Mev/c to 
415 Mev/c were obtained in the various exposures used 
for this experiment. The distance traveled by the par- 
ticles from the target to the emulsion stack was about 
3 meters in all cases. 
Plates were scanned independently by the Berkeley, 
Livermore, and M.I.T.-Harvard groups for K~-inter- 


TABLE I. Results of determinations of mean lifetime of K~-mesons. 








Number 

Total of decays 

proper in flight 
time, sec n 


Group Mean lifetime rx~, sec 





0.99 x1078 
0.88 X1078 
0.96 X1078 
7K~ = (0.95 9.25798) X1078 


3.96 X10-8 
2.63 X1078 
5.78 X10-8 
12.37 X1078 


Berkeley 

Livermore 

M.1,.T.-Harvard 
Total 
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actions in flight and at rest, and for decays in flight. 
Tracks of grain density appropriate to K-particles of 
the selected momentum were found near the edge of 
the plate where they entered and were followed until 
they decayed in flight, interacted in flight, or came to 
rest in the emulsion stack. An event was interpreted as 
a decay in flight if there was only one outgoing prong 
and if it had a grain density less than that of the in- 
coming K-particle. (No event of this type was found 
that had a blob associated with it.) An event so inter- 
preted could also possibly be an interaction in flight of 
a K--meson and a nucleus with a lightly ionizing 
meson emerging. In K~-interactions at rest, less than 
3% of the stars were found to be of this nature. Since 
interactions in flight would be expected to leave the 
nucleus in a more highly excited state than interactions 
at rest, the proportion of stars with a single pion and 
with no other tracks or “blobs” associated would be 
even smaller. We estimate that certainly less than 15% 
of the events we have taken to be decays in flight may 
have been interactions in flight (this corresponds to 
3% of all interactions in flight).* 
The mean lifetime is 


N 
tk -=)>. t;/n=T/n, 

i=! 
where N is the number of tracks observed, m is the 
number of decays in flight observed, T=}>0;(t;), and 
i; is the proper time during which a particle travels in 
the emulsion from where it is first observed to the point 
of interaction or decay in flight, or (if the particle comes 
to rest) to 2 mm from the end of the track. (The last 
2 mm of a stopping track are not included, since a decay 
in flight would be difficult to identify in this region.) 
The tables of Barkas and Young‘ were used to calculate 
T. Table I gives the total proper time of flight 7, the 
number » of decays in flight observed, and the resulting 
mean lifetime rx-, for each of the three groups. The 
combined result is 


TK-= (0.95_9.25t°-**) XK 10-8 sec. 


The error quoted is the statistical standard deviation, 
other errors being negligible in comparison. If the K~- 
beam consists of a mixture of particles of different mean 
lifetimes, the quantity we have measured is an average, 


of the form 
ay —1 
ry Ti 


where a; is the fraction of the particles entering the 
stack associated with a mean lifetime of 7;. Particles 
of mean lifetime less than 0.3X 10~* sec would be highly 
discriminated against, since less than 1% of those 
leaving the target would arrive at the emulsion stack. 
No decay in flight of a 7~ meson was observed. 

It is of interest to compare the K~-meson mean 
lifetime with the various measurements of the Kt- 
meson mean lifetime. These data, together with results 
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Fic. 1. A comparison of the K~-meson mean lifetime with K*- 
meson mean lifetimes reported by various experimenters. (Values 
are plotted on a logarithmic scale.) (A) L. Mezzetti and J. Keuffel, 
Phys. Rev. 95, 859 (1954). (B) Barker, Binnie, Hyams, Rout, and 
Sheppard, Phil. Mag. 46, 307 (1955), and Proceedings of the 
International Conference on Elementary Particles, Pisa, Italy, 
June, 1955 (to be published). (C) L. Alvarez and S. Goldhaber, 
Nuovo cimento 2, 344 (1955). (D) Iloff, Chupp, Goldhaber, 
Goldhaber, Lannutti, Pevsner, and Ritson, Phys. Rev. 99, 1617 
(1955). (E) K. Robinson, Phys. Rev. 99, 1606 (1955). (F) Harris, 
Orear, and Taylor, Phys. Rev. 100, 932 1988) (G) Alvarez, 
Crawford, Good, and‘ Stevenson, Phys. Rev. 101, 496 (1956). 
(H) V. Fitch and R. Motley, Phys. Rev. 101, 496 (1956). 


of the work reported herein, are presented in Fig. 1.5 
It is evident that within the experimental error there 
is no detectable difference between the mean lifetimes 
of the K~-and K+-mesons. 

We wish to express our appreciation to Dr. Edward 
J. Lofgren and the Bevatron crew for their help in 
making the exposures. We also wish to thank the scan- 
ners with each of the three groups for their invaluable 
assistance in scanning the plates. 


* This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 

1 Tloff, Chupp, Goldhaber, Goldhaber, Lannutti, Pevsner, and 
Ritson, Phys. Rev. 99, 1617 (1955). 

( ? Kerth, Stork, Haddock, and Whitehead, Phys. Rev. 99, 641(A) 
1955). 

3 No correction for this effect was made in our results. 

4W. H. Barkas and D. M. Young, University of California 
Radiation Laboratory Report No. UCRL-2579 (Rev), Sep- 
tember, 1954 (unpublished). 

5 It should be noted that some recent cloud-chamber cosmic-ray 
measurements have yielded a much shorter lifetime for both K*- 
and K~-mesons. These results are rx*= (5.2_1.5***)K10™" sec 
and rx~=(4.2_1.2*%-*)K10-" sec. The errors are confidence 
limits for 50% probability [Arnold, Ballam, and Reynolds, Phys. 
Rev.:100, 295 a 1955); also Arnold, Ballam, Reynolds, Robinson, 
and Treiman, Proceedings of the International Conference on 
Elementary Particles, Pisa, Italy, June, 1955 (to be published) ]. 
Trilling and Leighton have found evidence for short-lived negative 
V-particles (which may possibly be K-particles), but not for posi- 
tive V-particles. Their result is ry = (1.3.0.6) X10-™ sec [G. H. 
Trilling and R. B. Leighton, Phys. Rev. 100, 1468 (1955) ]. No 
short-lived component was observed by Fretter, Friesen, and 
Lagarrique (to be Published). They find a mean lifetime for posi- 
tive K-mesons rx*= (6.7_5.5*”) X10™ sec. 
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Interactions of K~-Mesons in 
Nuclear Emulsion* 
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AND 
M. Wincorr, Cyclotron Laboratory, Harvard University, 
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HE mean free path for nuclear interaction of 
negative K-mesons in emulsion has been meas- 
ured and the types of interactions which occur have 
been found to be consistent with the conservation of 
strangeness, as required by the Pais and Gell-Mann 
schemes, among others.! 
A stack of 95 pellicles of Ilford G5 emulsions, each 
3 in.X5 in.X600u, was exposed in a focused K~-beam 
of the Berkeley Bevatron. The particles entering the 
stack were those emitted from a copper target at right 
angles to the 6.2-Bev proton beam. A magnetic analyzer 
allowed only particles with momentum of 400 Mev/c 
to enter the emulsions. The K-meson interactions were 
found by “along-the-track”’ scanning beginning at 
about 5 cm residual range. In this technique, a track 
of the appropriate grain density for a K-meson having 
the beam momentum is followed until its end. This type 
of scanning introduces no bias in the type of interaction 
found. Following a total track length of 8.68 meters 
resulted in the finding of 137 capture stars of K-- 
mesons at rest, 23 interactions (other than scattering)? 
of K~-mesons in flight, and 6 decays in flight.* The 
observed track length of mesons which left the stack 
before interacting, about 5% of all t .e mesons followed, 
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Fic. 1. Prong distribution of stars produced by K~-mesons. 
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TABLE I. Variation of mean free path with energy. 








50-100 Mev 
16 
654 cm 
40.9 cm 


Energy region 

No. of interactions 
Total path length 
Mean free path 


0-50 Mev 
8 


214 cm 
26.7 cm 








was included in the total. Since an interaction produced 
by a K-meson in flight in the last 2 mm of its range 
could not be distinguished from one produced at rest, 
this track length was omitted. The mesons that came 
to rest and produced zero-prong stars were distinguished 
from stopping protons by grain count vs residual range 
measurements. Interactions of K~-mesons in flight were 
distinguished from those of protons by grain count and 
multiple scattering measurements. From the number of 
interactions in flight—23 apparent absorption events 
and 1 nuclear scattering—the mean free path for K-- 
interaction is (36.2_¢.;+®*) cm,‘ in contrast to (95-+-16) 
cm for interaction of K*+-mesons.' Table I indicates 
the variation of the mean free path with energy. 
For comparison, the mean free path corresponding 
to geometric cross section in emulsion is about 31 
cm. 

Figure 1 shows the similarity of the prong distri- 
butions of the stars produced at rest (absorption stars) 
and in flight. The average number of prongs per star 
for mesons at rest is 2.1 and for mesons in flight is 2.8. 
The possible shift toward higher prong number can 
probably be attributed to the kinetic energy of the 
mesons in flight. 

Table II compares the types of events produced by 
K~--mesons at rest and in flight. The similarity indicates 
that the absorption process K~+-nucleon—hyperon+z, 
which occurs for K~-mesons when they interact at rest,’ 
also predominates when they interact in flight. How- 
ever, the 23 absorptions probably include some charge 
exchange events. The possibility of charge exchange 
could be excluded in 16 of the cases. 

In all the schemes that have been proposed to 
describe the behavior of K-mesons and hyperons,} 
these particles are assigned values of a quantum 
number (e.g., “strangeness”) which is required to be 


TaBLE II. Comparison of events produced by K~-mesons 
at rest and in flight. 








Stars 
produced Stars produced 
at rest in flight 


137 23 
(plus 1 nuclear 
scattering) 
3 


Class of event 





Total number of events 


Stars with a charged + meson 32 
Stars with a charged hyperon or 16 5 
hyperfragment* 

2+ decays at rest into r 

=* decays at rest into a proton 

=* decays in flight 

= _— produced at rest or hyperfragment 

ec 


ays 
Stars with a charged hyperon and a x meson 10 








* In all the stars with no charged hyperon or hyperfragment, the visible 
energy release was low enough to be consistent with the emission of a 
neutral hyperon. 
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conserved in fast interactions. In the Pais and Gell- 
Mann formulation, for example, this quantum number 
has the value —1 for K~-mesons and hyperons, while 
for K*-mesons its value is +1. Consequently, a K-- 
meson can be absorbed by a nucleon to produce a 
hyperon and a 7 meson, in a fast interaction, conserving 
strangeness, while a K+-meson can undergo only scat- 
tering or charge exchange. 

While K--mesons can also undergo scattering and 
charge exchange, the present results indicate that 
absorption predominates strongly. The difference 
between K~ and K* interactions® with respect to both 
the size of the cross section® and the types of interaction 
are in excellent agreement with the requirement of 
conservation of strangeness in fast interactions. 

The authors are happy to acknowledge the constant 
help and interest of Dr. D. M. Ritson and Dr. A. 
Pevsner. Special thanks are due Mrs. A. Lanza and 
Mrs. N. Pal for their scanning and analysis of the 
emulsions. We are indebted to Dr. E. Lofgren and the 
Bevatron staff whose cooperation made this exposure 
possible. 


* This work was supported in part by the joint program of the 
U.S. Atomic Energy Commission and the Office of Naval Research. 
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published) by Chupp, Goldhaber, and Webb; Pevsner, Ritson, 
and Widgoff; Bacchella, di Corato, Ladu, Levi Setti, and Scarsi; 
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®K. A. Brueckner and A. Pais have independently pointed out 
that, if K-- and K+-interactions proceed in such a way as to con- 
serve strangeness, the difference in size of their cross sections can be 
understood in terms of a simple perturbation theory. 
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—— time ago, the M.I.T. group published! a 
picture showing a heavy particle that came to 
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rest in a $-inch thick brass plate of a multiplate cloud 
chamber, and gave rise to at least three photons with a 
total energy in excess of 1 Bev. The event could not be 
explained in terms of any experimentally known 
particle, but could be interpreted easily as the an- 
nihilation of an antiproton, or an antihyperon, whose 
existence was predicted by Dirac’s theory. At that time, 
a unique identification was not possible because the 
primary mass and the secondary energy had not been 
determined with sufficient accuracy to rule out the 
possibility that the event represented the decay of a 
hitherto-unknown boson of mass considerably greater 
than that of the various heavy mesons. 

Subsequently, however, Hazen? made a careful cloud- 
chamber study of showers produced in copper plates by 
electrons of known momentum. His results show that 
the total number of secondary electrons gives a good 
measurement of the primary energy in the region from 
0.1 to 1 Bev, and that the fluctuations are not unduly 
large. Using the M.I.T. results, Hazen found that the 
total energy of the showers in the M.J.T. event was 
more than* 1630 Mev (+20%), which is in agree- 
ment with the original energy determination by 
DeStaebler. Hazen’s results remove any doubt as to 
the evaluation of the secondary energy, and they 
provide a good estimate of the error.‘ 

In addition, since our original measurements, photo- 
metric techniques for the determination of ionization 
in cloud-chamber tracks have been studied in detail.*~’ 
In particular, a method has been developed for making 
ionization measurements in multiplate chambers.’ 
Using ionization vs residual range, we have applied 
this method to determine the mass of the primary 
particle in the M.I.T. event. The application is par- 
ticularly favorable in this case because five track seg- 
ments of 13 cm total length were available in the central, 
uniformly illuminated region of the chamber. Further- 
more, three proton tracks, two K-meson tracks, one 
m-meson track (all of known range), and several tracks 
of minimum ionizing particles were available for com- 
parison in nearby pictures in the same chamber region. 
The ratio of the photometrically determined trans- 
mission of the unknown track to that of a comparison 
track is related to the ratio of their ionizations by a 
calibration curve obtained from measurements on a 
number of known particles of known residual range. 
This method, which will be described in detail elsewhere, 
gave for the rest energy of the primary particle a value 
of 8234155 Mev, which is to be compared with the 
rest energy of the proton, 938 Mev. As a check, similar 
measurements were made on a statistically equivalent 
length of tracks made by stopping K-mesons, and the 
resulting rest energy, 488+80 Mev, was in excellent 
agreement with the accepted value of 493 Mev (all 
errors are standard deviations). 

The new measurements of the primary mass and the 
secondary energy make it appear very unlikely that 
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the mass of the primary particle could have been 
sufficiently large to account for the total energy of the 
secondary particles arising from its disappearance. It 
is thus virtually certain that the M.I.T. event was 
actually the annihilation of an antiproton, or less 
probably an antihyperon, with an ordinary nucleon. 
This interpretation, of course, is strengthened by the 
fact that no bosons heavier than nucleons have been 
discovered in the meantime, whereas the existence of 
antiprotons has been established by experiments*® with 
the Berkeley bevatron. 

It may be added that an energy and momentum 
analysis of the photons associated with the M.L.T. 
event indicates that at least three neutral mesons must 
have been produced in the annihilation process. This 
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result is in accord with the selection rules for the 
annihilation of an antiproton at rest. 


* This work has been supported in part by the joint program of 
the Office of Naval Research and the U. S. Atomic Energy 
Commission. 
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